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Abstract

Rationale: Metabolic remodeling in hypertrophic hearts includes inefficient glucose oxidation
via increased anaplerosis fueled by pyruvate carboxylation. Pyruvate carboxylation to malate
through elevated ME1 (malic enzyme 1) consumes NADPH necessary for reduction of glutathione
and maintenance of intracellular redox state.

Obijective: To elucidate upregulated ME1 as a potential maladaptive mechanism for inefficient
glucose oxidation and compromised redox state in hypertrophied hearts.

Methods and Results: ME1 expression was selectively inhibited, in vivo, via non-native miR-
ME1 (miRNA specific to ME1) in pressure-overloaded rat hearts. Rats subjected to transverse
aortic constriction (TAC) or Sham surgery received either miR-ME1 or PBS. Effects of ME1
suppression on anaplerosis and reduced glutathione (GSH) content were studied in isolated hearts
supplied 13C-enriched substrate: palmitate, glucose, and lactate. Human myocardium collected
from failing and nonfailing hearts during surgery enabled RT-gPCR confirmation of elevated ME1
gene expression in clinical heart failure versus nonfailing human hearts (P<0.04). TAC induced
elevated MEL1 content, but ME1 was lowered in hearts infused with miR-ME1 versus PBS.
Although Sham miR-ME1 hearts showed no further reduction of inherently low anaplerosis in
normal heart, miR-ME1 reduced anaplerosis in TAC to baseline: TAC miRME1=0.034+0.004;
TAC PBS=0.081+0.005 (#<0.01). Countering elevated anaplerosis in TAC shifted pyruvate toward
oxidation in the tricarboxylic acid cycle. Importantly, via the link to NADPH consumption by
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pyruvate carboxylation, ME1 suppression in TAC restored GSH content, reduced lactate
production, and ultimately improved contractility.

Conclusions: A maladaptive increase in anaplerosis via ME1 in TAC is associated with reduced
GSH content. Suppressing increased ME1 expression in hypertrophied rat hearts, which is also
elevated in failing human hearts, reduced pyruvate carboxylation thereby normalizing anaplerosis,
restoring GSH content, and reducing lactate accumulation. Reducing ME1 induced favorable
metabolic shifts for carbohydrate oxidation, improving intracellular redox state and enhanced
cardiac performance in pathological hypertrophy.
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The pathologically hypertrophied heart has been long characterized as energy starved, a
condition that is, in part, a consequence of maladaptive shifts in energy metabolism.1# One
well-reported metabolic shift that contributes to this energy deficit in the hypertrophied heart
is an uncoupling between glycolysis and the oxidation of glycolytic end products.>©
Pyruvate decarboxylation to form acetyl coenzyme A (acetyl-CoA), mediated by the
pyruvate dehydrogenase complex (PDC), does not keep pace with increased glycolytic flux
in response to pathological stress on the heart. The diversion of carbon flux away from PDC
was first accounted for by experiments in our laboratory, demonstrating that hypertrophied
hearts shift carbohydrate oxidation away from PDC-mediated entry into the tricarboxylic
acid (TCA) cycle and toward anaplerosis, not only because of inactivation of PDC but also
via increased expression and activity of cytosolic NADPH-dependent ME1 (malic enzyme
1).7.8 ME1 carboxylates pyruvate, forming malate, which can enter mitochondria and the
second span of the TCA cycle as anaplerotic carbon influx:

Pyruvate+C02+NADPH < Malate+NADP™

Compared with the oxidative decarboxylation of pyruvate via PDC, the alternative route for
carbon entry into the TCA cycle facilitated by pyruvate carboxylation is inefficient for
generation of energy-yielding metabolism, bypassing numerous reactions that would
otherwise generate NADH for oxidative production of ATP.89 In addition, pyruvate
carboxylation by ME1 consumes NADPH for glutathione reduction that is necessary to
maintain intracellular redox state. In adipocytes, ME1 expression increases with high-fat
feeding.10 In this context, ME1 is a lipogenic enzyme catalyzing NADPH production
through the conversion of malate into pyruvate. In hypertrophied hearts, the reverse flux
through ME1 (pyruvate to malate) would consume NADPH, and we hypothesize that ME1
activity then limits content of reduced glutathione (GSH) in the heart.11:12

Increased conversion of pyruvate to malate by ME1 in heart may hold consequences for
other cellular processes that require NADPH such as maintenance of cellular redox state.
NADPH is used to maintain glutathione in its reduced form (GSH), and the ratio of
reduced:oxidized glutathione (GSH/GSSG) reflects the overall redox state of the cell.13.14
Imbalanced cellular redox state causes contractile dysfunction and is reported to be a
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contributing factor to the pathogenesis of declining function in heart failure.1® Increased
MEZ1-mediated consumption of NADPH in hypertrophied myocardium then holds potential
to compromise GSH content, which is necessary for maintenance of redox state in the
cardiomyocyte, linking upregulated ME1 to myocardial oxidative stress in hypertrophied
hearts.

Interestingly, our laboratory has shown that increased anaplerosis in hypertrophy can be
attenuated through pharmacological activation of PDC.8 By treating intact perfused
hypertrophied hearts with dichloroacetate, an inhibitor of pyruvate dehydrogenase kinase,
anaplerotic flux was partially reduced, coinciding with improved left ventricle (LV)
contractility. These findings of beneficial, short-term pharmacological intervention in the
hypertrophic heart provide the impetus for the current study investigating potential benefit of
selective knockdown of cardiac ME1 expression in vivo in rats subjected to transverse aortic
constriction (TAC).

To accomplish this aim, we used a technique developed in our laboratory to specifically
suppress gene expression of the NADPH-dependent ME1 enzyme without affecting
expression of the ME2 and ME3 isoforms, via cardiac-specific adenoviral-mediated delivery
of non-native miR-ME1 (microRNA specific to MEL1), restricting ME1 knockdown
specifically to the heart.1® Whereas we have demonstrated that dichloroacetate treatment
enhanced flux through PDC in hypertrophied hearts leading to improved function,8 here we
hypothesized that suppressing ME1 expression, via miR-ME1, will reduce anaplerotic flux
through MEL, thereby providing NADPH for glutathione reduction and pyruvate for
decarboxylation and oxidation via PDC. The findings show consistency in ME1 gene
activation between failing human hearts and hypertrophied rats hearts, while elucidating a
mechanism for inefficient carbohydrate utilization in response to pathological stress. As
demonstrated, increased expression of ME1 induces anaplerotic flux via pyruvate
carboxylation, compromising glucose oxidation, redox state, and ultimately contractile
function.

All data and supporting materials have been provided with the published article. An
expanded Methods Section is available in the Online Data Supplement.

Human Study Protocol

The human study protocol for surgical collection of myocardial samples from clinical
patients was approved by the Florida Hospital Institutional Review Board. All patients
provided written informed consent before inclusion in the study. LV myocardium samples
were collected from end-stage failing hearts of nondiabetic, male patients (n=6, 5475 years
of age, median age=66) during LV assist device implantation or cardiac transplant and from
nonfailing hearts of non-diabetic, male patients (n=7, 43-77 years of age, median age=66)
undergoing elective valve repair or replacement with ejection fractions 260% (ejection
fraction range 60%-79%). Myocardium was not collected from failing hearts after assist
device explantation as bridged to transplant nor with coronary bypass graft.
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Myocardial samples were surgically excised during the clinical procedure and immediately
snap frozen with liquid nitrogen-cooled tongs. Samples were then stored at —80°C for
subsequent quantitative reverse transcription polymerase chain reaction (RT-gPCR) analysis
of MEL1 gene expression.

Animal Model of Pressure-Overload Hypertrophy

Cardiac hypertrophy by chronic pressure overload was induced by constricting the
transverse aorta (hemoclip) of 3-week-old male Sprague—Dawley rats, as previously
described.”-11:17.18 Ap initial dose of buprenorphine (0.05 mg/kg SC) was given at the time
of anesthesia induction and before conducting surgery. Weanling rats (3 weeks age) were
anesthetized with intraperitoneal pentobarbital (65 mg/kg IP). Buprenex (0.1 mg/kg) was
administered after surgery (812 hours) and twice daily for 3 days and as needed thereafter.
This banding procedure relies on the natural growth of the animal to produce a gradually
increasing degree of aortic constriction. The rats develop a concentric hypertrophy and
increased heart weight, heart weight:body weight ratio, and heart weight:tibia length ratio
associated with short-term improvement in the systolic function of the heart.11.19-21 At 12
weeks post-banding, the animals enter a decompensated stage with depressed LV developed
pressure and rate of pressure development (dP/dt). In this model of LV hypertrophy, no
systemic activation of the sympathetic nervous system or of the renin-angiotensin—
aldosterone system occurs.21 Consequently, there are no signs of cardiac lesions, peripheral
arteritis, myocardial necrosis, or extensive fibrosis. The rats progress to a dilated cardiac
hypertrophy with acute end-stage heart failure at 4 to 6 months post-banding. The sham
groups underwent similar surgery without placement of the aortic band. Rats had free access
to food and water while being housed under controlled temperature and lighting. All
experimental procedures were approved by the Institutional Animal Care and Use
Committee at the University of Illinois at Chicago and Sanford Burnham Prebys Medical
Discovery Institute.

Adenovirus Production

Synthesis of a non-native miR-RNA sequence was designed to target cytoplasmic rat ME1
mRNA, as we previously reported.16 The miRRNA sequence was cloned into pcDNAG.2-
GWI/miR expression vector (Invitrogen) with a cytomegalovirus promoter. The miR-RNA
sequence was then recombined into a pAd/CMV/V5-DEST vector (Invitrogen) and
transfected into human embryonic kidney 293 cells for amplification as previously
described.16:22 The virus was harvested and purified using cesium chloride density gradient
centrifugation as previously described.22

Adenoviral Delivery of Micro-RNA Targeted to ME1 to the Myocardium

The in vivo effectiveness in the heart of adenovirus containing miRME1 (Adv.miR-ME1)
has been previously characterized by our laboratory and shown to specifically suppress the
MEL1 isoform in comparison to either PBS or vector containing scrambled code, neither of
which induced any effect on the expression of ME isoforms.16 Thus, Adv.miRME1 was
administered versus PBS administration to the heart, in vivo by perfusion of the coronary
arteries as previously described.16:22
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Our prior studies demonstrated that the Adv.miR-ME1 induced no additional off-target
effects in comparison to vector containing scrambled code with minimal delivery and
expression of code in peripheral organs such as liver, lung, and skeletal muscle.1® However,
there is no ideal control group for adenoviral-based gene transfer studies. Whether a
scrambled, PBS, GFP (green fluorescent protein), luciferase, or even empty virus strategy is
included as a control group, expression levels of some endogenous proteins are altered
relative to hearts receiving no treatment.16:23.24 As an example of this phenomenon, in both
isolated cardiomyocytes and whole intact heart receiving adenovirus to over-express green
fluorescent protein, beta-galactosidase or a small hairpin RNA of green fluorescent protein,
the expression of SERCA2 (sarcoplasmic reticulum calcium ATPase2) was downregulated
compared with nontreated groups, whereas CALSEQ (calsequestrin) was unchanged.23:24
Green fluorescent protein and beta-galactosidase were the target, not SERCAZ2. It is beyond
the scope of this initial study to identify and explain potential complications from content
changes of all nontarget proteins which are not specific to the processes under evaluation in
this study. Indeed, there is much to be learned with this emerging and powerful
methodology. Nevertheless, as reported in our earlier report, whether we compared the
Adv.miR-ME1-treated animals to the untreated excised heart group, the PBS group, or the
Adv.miR-scrambled group, ME1 protein expression was reduced significantly by 5 to 6 days
via this Adv.miRNA interference strategy.1 For this reason, we selected the PBS strategy as
our control group in this study.

At 12 weeks post-surgery, hypertrophied (TAC) or sham-operated rats were anesthetized and
intubated. An initial dose of buprenorphine (0.1 mg/kg SC) was given at the time of
anesthesia induction and before conducting surgery. Initially, anesthesia was induced in adult
rats using a small anesthetic chamber with 4% isoflurane (Minrad, Inc, Bethlehem, PA) and
1% to 2% maintenance. Core body temperature was monitored via rectal thermometer and
lowered to 30°C using an ice pad. The chest was opened at the second or third intercostal
space, and all vessels leading to and from the heart were cross-clamped simultaneously. A
catheter for fluid delivery was inserted into the LV at the apex and advanced into the aortic
root, and a second catheter was positioned in the right ventricle for fluid efflux. The
coronary vessels were perfused for 7 minutes with calcium-free Tyrode solution, followed
by delivery of 0.2 mL of either Adv.miR-ME1 (1013 viral particles U/mL in PBS) or virus-
free PBS. After a 90-s incubation period, unsequestered virus was flushed from the coronary
vessels with Krebs buffer containing 1.5 mmol/L calcium, thereby eliminating adenoviral
delivery to all other organs. The cross-clamp was removed, the chest was closed, and the rats
were allowed to recover from anesthesia in an oxygen chamber.

Isolated Perfused Hearts

Six days after infusion of either adenovirus or PBS, animals were heparinized (1000 IU,
intraperitoneal injection) and anesthetized (100 mg/kg pentobarbital, intraperitoneal
injection). Hearts were excised and retrogradely perfused with modified Krebs-Henseleit
buffer (in mmol/L: 116 NaCl, 4 KCI, 1.5 CaCly, 1.2 MgSQy, and 1.2 NaH,PQOy,) equilibrated
with 95% 0,/5% CO, and containing 0.4 mmol/L 12C palmitate complexed to bovine serum
albumin in a 3:1 molar ratio, 5 mmol/L 12C glucose, and 1 mmol/L 12C sodium lactate.
Buffer temperature was maintained at 37°C.
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A water-filled latex balloon, connected to a force transducer, was fitted into the LV and set
to a diastolic pressure of 5 mm Hg. LV developed pressure data were continuously acquired
during perfusion with Powerlab (ADInstruments, Dunedin, New Zealand). Rate pressure
product was calculated as heart ratexLV developed pressure, and mean peak rates of
pressure development and relaxation (+dP/dt and —dP/dt) were calculated from the first
derivative of the LV developed pressure trace. Functional data are reported at midpoint of
perfusion and were determined to be not significantly different over the entire protocol using
repeated measures ANOVA.

For determinations of anaplerosis, isotopic enrichment was initiated by switching the
perfusate supply to buffer containing 0.4 mmol/L [2,4,6,8,10,12,14,16-13Cg] palmitate, 5
mmol/L unlabeled glucose, and 1 mmol/L unlabeled sodium lactate: Sham PBS, n=7; Sham
miR-ME1, n=4; TAC PBS, n=8; and TAB miR-ME1, n=6. Enrichment continued for 40
minutes. For determinations of carbohydrate oxidation, isotopic enrichment was initiated by
switching the perfusate supply to buffer containing 0.4 mmol/L palmitate, 5 mmol/L
[1,6-13C5] glucose, and 1 mmol/L [3-13C] sodium lactate: Sham PBS, n=5; Sham miR-MEL1,
n=5; TAC PBS, n=8; TAB miR-MEL, n=4. Again, enrichment continued for 40 minutes. At
the end point of each enrichment protocol, oxygen consumption was determined from
pulmonary artery effluent with a blood gas analyzer (GEM Premier 300, Instrumentation
Laboratory) before freeze-clamping hearts with liquid N,-cooled tongs for subsequent in
vitro biochemical analysis. Tissue lactate concentration was determined by
spectrophotometric kit (R-Biopharm).

In Vitro NMR

Perchloric acid extracts of frozen LV tissue from perfused hearts were lyophilized and
reconstituted in 0.5 mL deuterium oxide. High-resolution proton-decoupled 13C NMR
spectra were acquired from in vitro samples with a 5 mm 13C probe (Bruker Instruments,
Billerica, MA). The relative contribution of anaplerosis (}) to the 4-carbon intermediate pool
of the TCA cycle (ratio of anaplerotic flux:citrate synthase flux) was determined by
isotopomer analysis of the gluta-mate 3- and 4-carbon 13C resonances as previously
described.2526 Enrichment of glutamate from 13C glucose and 13C lactate was used to
index the relative extent of carbohydrate oxidation and incorporation into the TCA cycle.
The fractional 13C enrichment of glutamate was quantified by signal intensity relative to an
NMR spectrum of a standard glutamate solution and quantification of glutamate in the tissue
extract by spectrophotometry.27:28

Reduced to Oxidized Glutathione Assay

Reduced (GSH) and oxidized (GSSG) glutathione content was determined using a
commercially available kit (Millipore). Frozen LV was homogenized, deproteinated, and
centrifuged. Supernatant was incubated with 5,5”-dithio-bis(2-nitrobenzoic acid), which
oxidizes glutathione to form the derivative 5’-thio-2-nitrobenzoic acid, measurable at 412
nm.2% GSH and GSSG content were normalized to protein content, as determined by BCA
protein assay kit (Thermo Scientific).
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NADP* and NADPH Content

NADP* and NADPH content was determined by the Sanford Burnham Prebys metabolomics
core (Orlando, FL) as described previously.30 In brief, pulverized frozen heart samples (~50
mg per sample) were homogenized in 500 uL of 0.5 mol/L perchloric acid. For NADP*
extraction, a 100-pL aliquot of heart homogenate was spiked with a 10-pL aliquot of heavy
isotope-labeled internal standards (180,-labeled NAD*; synthesized by the Sanford
Burnham Prebys Medicinal Chemistry Core). This was followed by the addition of 100 pL
of 1 mol/L ammonium formate. Samples were vortexed thoroughly and centrifuged at 18
000g for 5 minutes at 10°C. The clarified homogenates were passed through an AcroPrep
Advance 3K Omega Filter Plate (Pall Corporation) before liquid chromatography—tandem
mass spectrometry analysis.

For NADPH extraction, a 100-uL aliquot of heart homogenate was spiked with a 10-uL
aliquot of heavy isotope-labeled internal standard (180,-labeled NADH:; synthesized by the
Sanford Burnham Prebys Medicinal Chemistry Core). Samples were vortexed thoroughly
and centrifuged at 18 000g for 5 minutes at 10°C. The clarified homogenates were passed
through an AcroPrep Advance 3K Omega Filter Plate (Pall Corporation) before liquid
chromatography-tandem mass spectrometry analysis. All pyridine nucleotides were
separated on a 2.1x50 mm, 3-um Thermo Hypercarb column (7=30°C) using a 5.8-minute
linear gradient with 10 mmol/L ammonium acetate, pH 9.5, and acetonitrile at a flow rate of
0.5 mL/min. Quantification of pyridine nucleotides was achieved using multiple reaction
monitoring on a Dionex UltiMate 3000 HPLC/Thermo Scientific Quantiva triple quadrupole
mass spectrometer (Thermo Scientific). Data were normalized to the mass of lyophilized
heart powder.

Western Blot and Quantitative RT-gPCR Analysis

ME1 (Abcam) expression in perfused hearts was measured in whole-tissue lysates, with
CALSEQ (Thermal Scientific) as a loading control.1® Western band intensity, normalized to
loading control, was analyzed by NIH Image software.

Total RNA was extracted from frozen human heart tissue by using an RNeasy Fibrous
Tissue kit (Qiagen). RNA quantity was determined at 260 nm (NanoDrop 1000
Spectrometer; Thermal Scientific). Single-stranded cDNA was synthesized from the
prepared RNA, and gene products were determined by quantitative real-time polymerase
chain reaction, using a Tagman 1-step master mix (Applied Biosystems) with an ABI ViiA7
instrument. The cycle profile was 1 cycle at 50°C for 5 minutes, 1 cycle at 95°C for 20 s,
and 40 cycles at 95°C for 15 s, and 60°C for 60 s. The mRNA levels were determined using
a standard curve method, normalized to GAPDH. Human primer sequences for the gene
ME1 were obtained from Thermo Fisher Life Technologies reference ID Hs00159110 m1.

Statistical Analysis

Results are presented as mean+SEM. Comparisons of 2 means were performed using
Student unpaired ftest. For human, data sets comparison of means was also performed with
the Welch test to account for any potential variance in the groups. Comparisons of >2 means
were performed using ANOVA and Tukey—Kramer Multiple Comparisons post hoc test.
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Significant differences between means were determined at the 5% probability level
(P<0.05).

Results

Pressure-Overload Hypertrophy in Rat Hearts

TAC similarly induced elevated heart mass in hearts in groups of hearts that were exposed to
either PBS or Adv.miRMEL infusion by 31% to 35% (/<0.01). Heart weight:tibia length
ratios (g/cm) were Sham PBS=0.75+0.04; Sham miRME1=0.73+0.02; TAC PBS=0.98+0.5
(P<0.01 versus both Sham groups); and TAC miR-ME1=0.99+0.03 (~<0.01 versus both
Sham groups).

Adenovirus-Mediated Reduction in ME1 Protein Expression

Consistent with previous reports,8 TAC caused an elevation in cytosolic ME1 content
(P<0.01; Figure 1). Delivery of Adv.miR-ME1 resulted in dramatically reduced expression
of ME1 in both sham-operated and TAC hearts 6 days after injection: 69% decrease in sham
operated, 85% decrease in TAC (/<0.01).

ME1 Gene Activation in Failing Human Hearts

Elevated ME1 message in pathologically hypertrophied rats hearts, as previously reported,8-2
is consistent with the data from clinical heart failure in humans (Figure 1C). As shown, ME1
gene expression was significantly elevated in myocardium from failing human hearts over
that from nonfailing human myocardium.

Suppressing the Elevation of ME1 Expression in Cardiac Hypertrophy Decreases
Anaplerosis, Augments Glucose Oxidation, and Increases GSH Content

Although sham-operated miR-ME1 hearts showed no further reduction of inherently low
baseline ratios of anaplerosis:citrate synthase flux from normal hearts, miR-ME1 reduced
anaplerosis from pyruvate carboxylation in TAC hearts down to baseline levels: TAC
miRME1=0.034+0.004; TAC PBS=0.081+0.005 (~<0.001; Figure 2A).

Importantly, ME1 suppression restored GSH in TAC (£<0.05; Figure 2B), consistent with
decreased ME1-mediated carboxylation of pyruvate into malate, a reaction that consumes
NADPH used for maintaining glutathione in its reduced form. Although variability exists
among published values for the ratio of GSH/GSSG, the functional component for
maintaining redox regulation of the heart remains the primary measure of reduced
glutathione that is available and was restored because of suppression of ME1 and, thus,
inhibition of the otherwise elevated anaplerosis in TAC hearts. As expected from previously
published findings, the ratio of GSH/GSSG was reduced in TAC heart.3 Consistent with the
GSH content data, the ratio of GSH/GSSG was also improved in TAC hearts with
suppression of ME1 (Figure 2C).

Suppression of ME1 Affected NADPH Utilization in Hypertrophied Hearts

No obvious effect of either TAC-induced hypertrophy or ME1 suppression on the static
NADPH level or the ratio of NADPH/NADP was observed (Figure 3). The reduction in ME1
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expression could be expected to lead to a net increase in NADPH in the hypertrophied heart;
however, additional pathways that consume NADPH, such as glutathione reduction,
described above, were also increased by miR-MEL1 delivery. Therefore, ME1 suppression
facilitated a redistribution of NADPH utilization rather than a change in total NADPH
content.

Glucose and Lactate Oxidation in Response to ME1 Suppression

Evidence of increased glucose and lactate oxidation in response to suppression of ME1 in
TAC hearts is shown in the isotopic enrichment of glutamate within each group of hearts, as
represented in Figure 4A.” Reduced pyruvate carboxylation via ME1 suppression resulted in
increased availability of substrate for PDC, with consequential increases in pyruvate
decarboxylation and progressive oxidation in the TCA cycle. Therefore, eliminating the
upregulation of MEL1 in the response to pathological stress on the heart counteracts the well-
reported inefficiencies in glucose oxidation that are associated with elevated glycolysis but
limited oxidation of glycolytic end products. Consistent with our previous study of
activation of PDC in the hypertrophied heart, suppression of ME1-mediated carboxylation of
the pyruvate to form malate enables increased glucose oxidation to support oxidative ATP
production. Improving the efficiency of glucose oxidation through ME1 suppression also
prevented the accumulation of lactate in post-TAC hypertrophied hearts (Figure 4B).

Functional Response to Reduced ME1 and Anaplerosis in Hypertrophied Hearts

As anticipated, mechanical work was compromised in the isolated hearts post-TAC, as
assessed by rate pressure product.”8:11.32 Contractility, as assessed by both positive and
negative dP/dt, was also reduced in hypertrophied hearts. Direct comparison of mean values
indicated that suppression of ME1 produced functional improvements (both RPP and dP/dt)
in isolated hearts after TAC and ME1 suppression compared with that in Sham hearts
subjected to TAC (Figure 5). These data are consistent with previously reported
improvements in dP/dt in hypertrophied hearts with reduced anaplerosis because of
increased competition against ME1 via activation of PDC by dichloroacetate.8

Discussion

This current study probed the mechanism of ME1-mediated anaplerosis in pressure-
overloaded hearts, by countering the otherwise elevated expression of ME1 in the pressure-
overloaded, hypertrophied rat heart. Samples from failing human myocardium also
demonstrated elevated ME1 gene activation over that from nonfailing human myocardium,
and these data support the translational relevance of the current study to elucidate the
maladaptive metabolic response of the pathological heart. To target MEL1 as the potential
source of increased anaplerosis in hypertrophied rat hearts, we used an in vitro gene transfer
technique developed in our laboratory to induce acute knockdown of ME1 in heart using
non-native miRNA specifically targeted to ME1 mRNA without affecting the ME2 and ME3
isoforms.18 Having established the protocol and demonstrating that the Adv.miR-ME1
induced no additional off-target effects in comparison to vector containing scrambled code
or PBS, we were careful to eliminate the potential detrimental effects of scrambled code on
cardiac function and metabolism by using PBS infusion as the control for the diseased heart.
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The infusion technique has been shown to specifically limit delivery to the myocardium,22
which is not a trivial concern because of the active role of ME1 in lipogenesis in liver and
adipose tissue. Thus, we were able to investigate the effects of ME1 knockdown on heart
metabolism without any potentially confounding changes induced by altered ME1
expression in other tissues. As discussed below, the current study provides new evidence that
the upregulation of a metabolic enzyme rather than downregulation poses a significant
metabolic challenge to the heart with consequences beyond ATP production, that are here
shown to include the capacity for homeostasis of intracellular redox state via the availability
of reduced glutathione (GSH). Importantly, the findings demonstrate that the changes in
ME1 expression affect cardiac function (Figure 6), revealing the maladaptive component of
metabolic remodeling in response to pathological stress.

The hypertrophied heart has been well characterized as having both reduced fatty acid
oxidation and increased glucose utilization, a reversion to the so-called fetal metabolic
profile.20 However, such broad characterization of shifting substrate utilization by
hypertrophied and failing hearts ignores the overall balance of influx and efflux of carbon to
and from the TCA cycle. Hypertrophied hearts demonstrate increased glycolytic rate without
a corresponding increase in glucose oxidation, mediated by PDC that converts pyruvate into
acetyl-CoA.5® This discrepancy was accounted for by studies in our laboratory
demonstrating that hypertrophied hearts have increased protein content of the cytosolic
enzyme MEZL.7 In the hypertrophied heart, this carboxylation redirects pyruvate metabolism
away from oxidative decarboxylation by PDC. Alternatively, ME1 carboxylates pyruvate,
forming ma-Ilate, which is then available for intermediate exchange across the mitochondrial
membrane to enter the second span of the TCA cycle as anaplerotic carbon influx.8

Compared with oxidation via PDC, the alternative route for carbon entry into the TCA cycle
facilitated by MEL1 is inefficient, bypassing numerous reactions that would otherwise
generate reducing equivalents for oxidative production of ATP and fails to match the flux of
glucose through the glycolytic pathway leading to lactate accumulation. Importantly, the
augmented oxidation of pyruvate that resulted from ME1 suppression also diverted pyruvate
metabolism away from lactate accumulation in TAC hearts. This reduction in tissue lactate is
likely a consequence of the improved coupling between glycolysis and the oxidation of
glycolytic pyruvate and is consistent with a general restoration of cytosolic redox state
(NADH/NAD™) which is perhaps also linked to the benefits of preserving NADPH through
reduced MEL. Nevertheless, the improved efficiency of glucose metabolism in the heart
averted the negative effects of lactate accumulation on contractility.33-3% In addition,
enhancement of contractile function has been previously associated with increases in
pyruvate oxidation in various TAC models of disease,®-3¢ which is consistent with the
currently observed improvements in contractility induced by ME1 suppression in TAC
hearts.

In addition, carboxylation of pyruvate by ME1 consumes NADPH, a cofactor for glutathione
reduction to maintain cellular redox state. The resulting 3- to 5-fold increase in the oxidation
of pyruvate, derived from glucose and lactate, that occurred in the hypertrophied heart
during suppression of ME1 upregulation, over that of all other experimental groups, is
further evidence of the significant level of uncoupling between the increased glycolysis and
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limited glucose oxidation that has been previously reported in the literature.>6 What is
newly realized by these data are the considerable extent to which maladaptive pyruvate
carboxylation in the hypertrophied heart limits its availability as substrate for oxidative ATP
production via PDC and the TCA cycle. These findings support the emerging concept that
the increase in ME1 expression and anaplerotic flux does not seem to be necessary
adaptations that help maintain carbon flux into the TCA cycle in response to chronic
pressure overload, but rather are mal-adaptive responses that participate directly in the
uncoupling of glycolysis and glucose oxidation. Suppressing ME1 does not limit carbon
entry into the TCA cycle from carbohydrate sources, but rather increases the contribution of
pyruvate to the acetyl-CoA formation, thereby restoring NADH generation from pyruvate
oxidation.®

The findings demonstrate that the maladaptive increase in anaplerosis via ME1 with TAC
can be completely attenuated by knocking down expression of the enzyme. In contrast,
enzyme—-substrate competition induced by activating PDC with dichloroacetate only partially
reduced the anaplerotic response to pathological challenge in hypertrophied hearts.8
Importantly, this study provides direct evidence that suppressing the upregulation of ME1
and consequential carboxylation of pyruvate contributes to the maintenance of the reduced
form of glutathione. GSH has been reported to be reduced in hypertrophied myocardium
because of impaired redox state.31 We have now linked GSH content and impaired redox
state, as indexed by GSH/GSSG, to the increased expression and activity of MEL in the
carboxylation reaction that essentially limits the availability of NADPH for reduction of
glutathione. Imbalanced cellular redox state causes contractile dysfunction and reportedly
contributes to the pathophysiology of heart failure,1° potentially linking increased ME1-
mediated consumption of NADPH with myocardial oxidative stress in hypertrophy.

Surprisingly, very little is known about the concentration of NADPH in the hypertrophied
and failing heart and the ratio of NADP/NADPH,37-39 whereas almost nothing is known
concerning the turnover of NADPH at either baseline or in response to pathological stress.
As shown here, the maladaptive increase in anaplerosis via ME1 in TAC is associated with
the known observation of reduced glutathione content in hypertrophied hearts.31 NADPH
was then presumably expended in the process of restoring NADPH-dependent GSH. These
processes would be consistent with the observed levels of each of these respective
metabolites. Suppressing increased ME1 expression in hypertrophied hearts, and thus
consumption of NADPH for the production of malate produced favorable metabolic shifts,
including improved GSH content. Although the reductions in ME1 content in the
hypertrophied heart improved cardiac work performance and contractility, we are unable to
discern whether the functional benefits were the results of either a singular restoration of
GSH or induction of the more efficient oxidation of glucose to produce ATP, or whether the
contractile response is the consequence of multiple metabolic responses.

The current mainstays of treatment for chronic heart failure, including the so-called
guideline-directed medical therapies*® and the various mechanical assist devices, exert
beneficial effects, at least in part, by reducing energy requirements of the failing heart.
However, the current therapeutic stratagems fail to address underlying inefficiencies in
metabolism that are increasingly appreciated as contributing to chronic mismatch between
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energy supply and demand. In this report, we show that correcting maladaptive upregulation
of ME1 expression through targeted gene suppression induces favorable shifts in myocardial
metabolism, improves redox state, and supports improved contractile function. Clearly, the
contractile benefit that resulted from the upstream suppression of ME1 is likely to be a
multifactorial consequence of overlapping mechanisms associated with normalization of the
intracellular environment. Importantly, the data from human myocardial samples
demonstrate that ME1 gene activation does occur in the failing human heart. Whether ME1
can be manipulated, either pharmacologically or with gene therapy, in human heart failure
patients or in patients with pathological hypertrophy or decompensated cardiomyopathy,
poses an exciting avenue of future investigation.
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Nonstandard Abbreviations and Acronyms

Adv adenovirus

CALSEQ calsequestrin

GFP green fluorescent protein

GSH reduced form of glutathione
GSSG oxidized form of glutathione

LV left ventricle

ME malic enzyme

miR microRNA

PDC pyruvate dehydrogenase complex
SERCA sarcoplasmic reticulum calcium ATPase
TAC transverse aortic constriction
TCA tricarboxylic acid
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Novelty and Significance
What Is Known?

. The hypertrophic myocardium exhibits remodeled metabolic phenotype of
impaired glucose oxidation, in part because of high levels of anaplerosis.

. NADPH-dependent ME1 (malic enzyme 1) expression is increased in
hypertrophied rats heart, impairing glucose oxidation through pyruvate
dehydrogenase.

What New Information Does This Article Contribute?
. MEZ1 gene activation occurs in failing human hearts.

. Targeted delivery code for a novel, non-native miR-ME1 (microRNA specific
to ME1) reduced expression and content of MEL1 in pathologically
hypertrophied rat hearts, normalizing anaplerotic flux.

. Suppressing the maladaptive increase in ME1 expression and in
hypertrophied hearts increased glucose oxidation, improved intra-cellular
redox state, and enhanced cardiac function.

This study elucidates a novel mechanism producing both inefficient glucose oxidation for
ATP production and impaired redox state in the pathologically hypertrophied heart that is
dependent on the maladaptive upregulation of the NADP*-dependent ME1. The findings
confirm increased gene activation of ME1 in failing human hearts, while elucidating the
specific mechanism for elevated anaplerosis that is linked to inefficient glucose
metabolism and reduced glutathione content in hypertrophied rat hearts. Cardiac-specific,
adenoviral-mediated delivery of exogenous code for a novel, non-native microRNA,
specific to MEL to the rat heart in vivo, eliminated increased ME1 expression in
hypertrophied hearts, thereby normalizing anaplerosis. With the induction of normal
anaplerosis in hypertrophied hearts, both glucose oxidation and the NADPH-dependent
content of reduced glutathione were increased. Significantly, these improvements in the
metabolic state of the diseased heart enhanced contractile function. The novel finding that
maladaptive expression of ME1 is responsible for the underlying mechanisms of
inefficient glucose oxidation and impaired redox state in pathological cardiac
hypertrophy identifies a potential therapeutic target to combat maladaptive metabolic
remodeling in the heart.
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Figure 1. Protein levels of ME1 (malic enzyme 1) in pressure-overloaded rat hearts and ME1
message levels in failing human hearts.

A, Protein expression of ME1 was increased in transverse aortic constriction (TAC) PBS
compared with sham-operated (SHAM) PBS (n=4 for both groups). B, Delivery of
adenovirus containing miR-ME1 (miRNA specific to MEL) vector reduced protein
expression of MEL1 in both groups (n=3 for each group). White bar, PBS injected; black bar,
miR-MEL1 injected. */<0.01. Graphs represent the quantitative analysis of each
corresponding blot using NIH ImageJ software. C, mRNA levels of the gene encoding ME1
were elevated in failing human hearts (HF) versus that of nonfailing human hearts (non-HF).
*P£<0.02 with Students ftest and £<0.04 with Welch ¢test. CALSEQ indicates calsequestrin
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Figure 2. Anaplerosis and reduced glutathione content (GSH) in transverse aortic constriction
(TAC) hearts.
A, Anaplerosis, expressed as a ratio to citrate synthase activity. In the PBS group,

anaplerotic flux was increased nearly 100% with TAC. Knockdown of ME1 expression
significantly reduced anaplerosis in TAC to normal levels. */P<0.01;**P<0.001 by ANOVA
and Tukey—Kramer test. B, Compared with sham operated (SHAM), TAC hearts
demonstrated significantly lower GSH content, as expected. Suppression of ME1 (malic
enzyme 1) expression (miRME1 [miRNA specific to ME1]) restored GSH content in TAC to
levels comparable to SHAM. C, GSH/GSSG ratios were also improved in the miR-ME1
TAC group in comparison to reduced GSH/GSSG in the Sham-infused TAC hearts. White
bar, SHAM; black bar, TAC. t/<0.05 vs SHAM PBS by ANOVA and Tukey—Kramer test.
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Figure 3. NADPH (A) and NADPH/NADP (B) ratio were not significantly affected in response to
ME1 (malic enzyme 1) suppression.
Consumption of NADPH to maintain reduced glutathione (GSH) levels in transverse aortic

constriction (TAC) hearts with ME1 suppression is reflected in lack of differences in the
values among experimental groups. White bars, Sham operated (SHAM); Black bars, TAC.
miR-ME1 indicates miRNA specific to ME1.
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Figure 4. Increased carbohydrate oxidation in hearts with miR ME1 (miRNA specific to malic
((e_lrlz‘)g]e 1) suppression and attenuated lactate accumulation after transverse aortic constriction
A, Glutamate (GLU) 13C enrichment from 13C glucose and 13C lactate reflecting oxidation
of pyruvate from glycolysis and lactate. Note increased isotopic enrichment of GLU in TAC
hearts receiving miR-ME1 to suppress pyruvate carboxylation and enhance oxidation via
pyruvate decarboxylase. B, Tissue lactate levels. ME1 suppression prevented the
accumulation of lactate in TAC hearts. White bars, Sham operated (SHAM); Black bars,
TAC. *£<0.05 vs all other experimental groups; **/~<0.05 vs sham hearts by ANOVA and

Tukey—Kramer test.
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Figure 5. Contractile response to ME1 (malic enzyme 1) suppression in Sham operated (Sham)

and transverse aortic constriction (TAC) hearts.

Direct comparison between mean values reveals improved dP/dt in TAC hearts receiving
miR-ME1 (miRNA specific to ME1) vs TAC. White bars, SHAM; Black bars, TAC.
*£<0.05, Sham ME1 vs TAC PBS by ANOVA and Tukey—Kramer test; **/<0.05, TAC PBS
vs TAC miR-ME1 by Student #test; T/<0.05, Sham PBS vs TAC PBS by ANOVA and
Tukey—Kramer test; 11/P=0.05, TAC PBS vs TAC miRMEL by Student ftest; f £<0.05 TAC
PBS vs TAC miR-MEL1 by Student #test. RPP indicates rate pressure product.
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Figure 6. Summary scheme depicting the effects of ME1 (malic enzyme 1) knockdown on glucose
and pyruvate metabolism in hypertrophied hearts.

Metabolic fate of glucose and glycolytic end products in a (A) normal heart; (B)
pathological heart with increased carbon flux through glycolysis and ME1-mediated entry of
carbon into transverse aortic constriction (TCA) cycle via anaplerosis; (C) failing heart
treated with virus that suppresses ME1 expression. Increased carbon flux into TCA cycle via
pyruvate dehydrogenase complex (PDC) and restoring NADPH-mediated glutathione
reduction. Increased metabolic activity is represented by thick arrows. Increased ME1
expression is represented by enlarged text. Decreased reduced glutathione (GSH) formation
is represented by dashed line. Adv.miR-MEL1 indicates adenovirus containing miR-ME1.
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