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Abstract

Cellular redox is intricately linked to energy production and normal cell function. Although
the redox state of mitochondria and cytosol are connected by shuttle mechanisms, the redox
state of mitochondria may differ from redox in the cytosol in response to stress. However,
detecting these differences in functioning tissue is difficult. Here, we employed 13C magnetic
resonance spectroscopy (MRS) and co-polarized [1-13C]pyruvate and [1,3-13C,]acetoacetate
([1,3-13C,]AcAc) to monitor production of hyperpolarized (HP) lactate and B-hydroxybutyrate
as indicators of cytosolic and mitochondrial redox, respectively. Isolated rat hearts were
examined under normoxic conditions, during low-flow ischemia, and after pretreatment with
either aminooxyacetate (AOA) or rotenone. All interventions were associated with an increase
in [Pi]/[ATP] measured by 3P NMR. In well-oxygenated untreated hearts, rapid conversion
of HP [1-13C]pyruvate to [1-13C]lactate and [1,3-13C,]AcAc to [1,3-13C,]B-hydroxybutyrate
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([1,3-13C,]B-HB) was readily detected. A significant increase in HP [1,3-13C,]B-HB but not
[1-13C]lactate was observed in rotenone-treated and ischemic hearts, consistent with an increase

in mitochondrial NADH but not cytosolic NADH. AOA treatments did not alter the productions

of HP [1-13C]lactate or [1,3-13C,]B-HB. This study demonstrates that biomarkers of mitochondrial
and cytosolic redox may be detected simultaneously in functioning tissue using co-polarized
[1-13C]pyruvate and [1,3-13C,]AcAc and 13C MRS, and that changes in mitochondrial redox may
precede changes in cytosolic redox.
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The redox state of mitochondria and cytosol plays a critical role in normal cellular
bioenergetics, and redox influences other functions such as differentiation, proliferation,
and apoptosis. Not surprisingly, abnormal redox homeostasis is linked with many diseases
including cancerl, diabetes?, heart failure3, and neurodegenerative disorders?. Specific
interventions targeting redox such as administration of nicotinamide riboside have been
proposed?®. For the purposes of describing cell energetics, the most important redox

pair is NAD* and NADH because they serve as co-factors in numerous reactions in
compartmentalized pathways such as glycolysis and the TCA cycle. Since the inner
mitochondrial membrane is impermeable3 to pyridine nucleotides, the redox state of the
cytosol and mitochondria are linked by two shuttle systems, the malate-aspartate shuttle and
the glycerol-3-phosphate shuttle. Although the NAD*/NADH ratio in these compartments
are interconnected, they are not necessarily the same. For example, the ratio of NAD™*

to NADH in skeletal muscle is very high in cytosol (~540) and much lower (~6.3) in
mitochondria®.

Determining redox in functioning tissues is challenging. Destructive biochemical assays
measure the combined free and enzyme-bound content of NAD* and NADH': 8, The ratio
of NAD* to NADH, predominantly in mitochondria because of the high NADH content, has
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been calculated using fluorescence methods®, and 3P NMR methods have been proposed
10,11 NAD* and NADH concentrations have also been measured using genetically encoded
fluorescent probes 12: 13, An approach termed the metabolite indicator method allows for
an estimation of the “free” concentration ratio, NAD*/NADH, by measuring concentrations
of cellular redox pairs, typically lactate and pyruvate in the cytosol, and g-hydroxybutyrate
and acetoacetate in the mitochondria 14-16, This method rests on the assumption that the
substrates and products of these reactions are in rapid exchange and near equilibrium.

Hyperpolarization (HP) methods have been introduced recently to monitor metabolism of
13C-labeled pyruvate or other small molecules involved with redox reactions. Multiple
earlier studies have emphasized the potential applications of HP for monitoring redox, for
example by monitoring the redox pair, [1-13C]ascorbic acid and [1-13C]dehydroascorbic
acid 17719, Ketones have attracted considerable attention because of their intimate
involvement with redox reactions and also because they are readily oxidized in many tissues.
Others have also demonstrated that more than one compound may be polarized and injected
simultaneously, with independent detection of metabolic products because of the chemical
shift 20-23,

The goal of this study was to explore the combination of hyperpolarized (HP)
[1-13C]pyruvate and [1,3-13C,]acetoacetate ([1,3-13C,]AcAc) to probe mitochondrial and
cytosolic redox simultaneously in the isolated heart. The heart was chosen because redox
control has been extensively investigated 2426, and HP exams with pyruvate during
pharmacologic stress are feasible?”- 28, The effects of interventions known to interfere
with normal redox control (low-flow ischemia or rotenone, a complex I inhibitor) or
function of the malate-aspartate shuttle (aminooxyacetate, AOA) were evaluated. All
interventions were associated with a decrease in oxygen consumption and a decrease in
[phosphocreatine]/[ATP] measured by 3P NMR spectroscopy, demonstrating significant
disruption of normal energetics. The ratio HP [1,3-13C,]B-hydroxybutyrate/[1-13C]acetyl
carnitine was sensitive to both low-flow ischemia and rotenone. In contrast, the HP
[1-13C]lactate/[1-13C]alanine was not significantly altered, although the trends were similar.
These results suggest that mitochondrial redox is a more sensitive indicator of redox stress
in the tissue, at least with these interventions. Metabolism of co-polarized [1,3-13C,]AcAc
and [1-13C]pyruvate provides a new approach to detecting altered redox state in distinct
intracellular compartments of functioning tissues.

Physiological measurements

Hearts were supplied with a mixture of glucose, pyruvate, lactate, and long-chain fatty

acids at physiological concentrations and fully oxygenated conditions for 20 minutes, then
exposed to low perfusion pressure, 20 uM rotenone, or 0.1 mM AQA, followed by collection
of a single 31P spectrum. Co-polarized [1-13C]pyruvate and [1,3-13C,]AcAc was then
injected and dynamic 13C NMR spectra were collected. Each heart was then immediately
freeze-clamped for further analysis. The time line for this experiment is summarized in Fig.
1A and a schematic of the major metabolic reactions involved is shown in Fig. 1B. During
the initial 20 minutes of normoxic perfusion, myocardial oxygen consumption (MVO,) and
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heart rates were similar in all hearts. The measured coronary flows were 16.6 £ 1.4, 6.2 +
1.5, 22.8 £ 0.8, and 23.0+ 1.2 mL/min for control, low-flow ischemia, rotenone-treated,
and AOA-treated hearts, respectively (Fig. 2A). Oxygen consumption measured at the
same time point of the control hearts was 16.6 = 1.1 pmol/min/g d.w. Lower oxygen
consumption values were observed in all three treatment groups (6.4 + 1.5, 6.1 £ 0.7,

and 8.3 = 0.8 umol/min/g d.w. for low-flow ischemia, rotenone and AOA respectively,

Fig. 2B). The intracellular pH as measured by 3P NMR decreased from 7.18 + 0.01
(normoxia) to 6.97 + 0.02 (low-flow ischemia), 6.94 + 0.02 (rotenone), and 6.97 + 0.01
(AOA) (Fig. 2C). A marked decrease (80%) in the phosphocreatine to ATP ratio ([PCr]/
[ATP]) and, correspondingly, a large increase (221%) in the inorganic phosphate to ATP
ratio ([P;]/[ATP]) were observed in rotenone-treated hearts as compared with the control
group (Figs. 3A-B). These ratios in the hearts treated with AOA and low-flow ischemia
are not statistically different from the control group. The concentration of ADP ([ADP],
Fig. 3C) was estimated from the 31P NMR results using methods previously described by
Clarke et al.2. A significant increase (6.8-fold) in [ADP] was observed in rotenone-treated
hearts (1.25 + 0.29 mM) over the control hearts (0.18 + 0.06 mM). The concentration

of this metabolite in low-flow ischemic (0.22 + 0.03 mM) and AOA-treated (0.34 +

0.07 mM) hearts was not statistically different from the baseline group. The calculated
phosphorylation potentials ([ATP]/[ADP]-[Pi])2° were 12.99 + 3.60, 6.44 + 1.74, 0.52 +
0.12, 3.04 + 0.76 mM™1 for control, low-flow ischemic, rotenone-treated, and AOA-treated
hearts, respectively. The results show a significant decrease in phosphorylation potential as
a result of rotenone and AOA treatments (Fig. 3D) but the low-flow ischemic group did not
differ statistically from the control group.

Metabolism of hyperpolarized [1-13C]pyruvate and [1,3-13C,]AcAc

A representative stacked plot and corresponding summed spectrum with peak assignments
are shown in Figures 4A and 4B. Representative stacked plots of time-resolved 13C spectra
in Fig. 4C show the evolution of metabolic products of [1-13C]pyruvate, designated as
P1-P4, and [1,3-13C5]AcAc, designated as A1-A4. The corresponding summed spectrum
from 40 consecutive acquisitions are shown in Fig. 4D. In all four spectra, resonances

of downstream metabolites derived from HP [1-13C]pyruvate and HP [1,3-13C,]AcAc

are clearly detectable. The metabolism of HP [1-13C]pyruvate yielded a small HP 13C-
bicarbonate signal (160.9 ppm), [1-13C]alanine (176.5 ppm), and [1-13C]lactate (183.2
ppm). HP [1,3-13C,5]AcAc yielded HP [1,3-13C,]B-HB with peaks resonating at 180.6
ppm (C1) and 66.5 ppm (C3, doublet, Joy = 141.4 Hz), and [1-13C]acetyl-carnitine
(173.9 ppm). It is important to point out that the peak appearing at 181.6 ppm is

likely an overlapped peak of HP [1-13C]acetate and HP [5-13C]glutamate. [1-13C]Acetate
could be generated nonenzymatically as a byproduct during the hydrolysis of ethyl
[1,3-13C;]acetoacetate. [5-13C]Glutamate was produced via oxidative metabolism of
[1,3-13C,]AcAc and [1-13C]acetate. The peak at 179.0 ppm was assigned to pyruvate
hydrate. At each time point, the signal intensity of HP [1-13C]lactate was normalized to
the total signal of all downstream metabolites originated from HP [1-13C]pyruvate, i.e.
[1-13C]alanine, [1-13C]lactate, and 13C-bicarbonate summed over the NMR acquisition
time window for each heart. Similarly, the signal intensity of C-1 of [1,3-13C,]B-HB was
normalized to the total signals of [1-13C]acetyl-carnitine and C-1 of [1,3-13C,]B-HB over
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the same period. The average normalized intensities (4 hearts per group) versus perfusion
time for all four groups are shown in Fig. 4E and Fig. 4F. For all four groups, the

normalized intensities from [1-13C]lactate (Fig.S1A), [1-13C]Jalanine (Fig.S1B), [1,3-13C,]B-
HB (Fig.S1C) and [1-13C]acetyl-carnitine (Fig.S1D) are shown. As bicarbonate is produced
by spontaneous decarboxylation of acetoacetate in addition to metabolism, it was omitted
from the analysis.

The signals from [1-13C]lactate tend to be higher in all three treatment groups but did not
reach statistical significance compared to control. However, the signal of HP [1,3-13C,]p-
HB was higher in rotenone and low-flow ischemic hearts compared to controls. Similar
trends were also observed when comparing the ratios of HP [1-13C]lactate/[1-13C]alanine
(Fig. 5A) and HP [1,3-13C,]B-HB/[1-13C]acetyl-carnitine (Fig. 5B). Again, no significant
differences were detected in the [1-13C]lactate/[1-13C]alanine ratios among the four groups
while the [1,3-13C,]B-HB/[1-13C]acetyl-carnitine ratios did increase significantly in the low
flow ischemia hearts (3-fold higher) and rotenone-treated group (~2.6-fold higher). This
ratio also tended to be higher in hearts treated with AOA but differences between control
hearts did not reach statistical significance. Caution must be exercised, however, when using
[1-13C]lactate/[1-13C]alanine and [1,3-13C,]B-HB/[1-13C]acetyl-carnitine ratios as metrics
for cytosolic and mitochondrial redox. Alanine transaminase participates in shuttling NADH
between the cytosol and mitochondria, and oxidation of acetoacetate involves CoA which

is critical in regulating PDH flux, which in turn is redox sensitive. Despite the apparent

link to cellular redox, productions of HP [1-13C]alanine and [1-13C]acetyl-carnitine from
the injected probes do not involve hydride transfer and therefore are not expected to be
highly sensitive to redox changes. While it is likely that signals of HP [1-13C]alanine and
[1-13C]acetyl-carnitine may vary slightly under different perfusion conditions, metabolite
signal ratios obtained by normalizing HP [1-13C]lactate and [1,3-13C,]B-HB signals to
[1-13C]alanine and [1-13C]acetyl-carnitine, respectively, may present as an alternative metric
for assessing changes in cytosolic and mitochondrial redox.

Myocardial lactate and pB-hydroxybutyrate concentrations in freeze-clamped tissue

All hearts were removed from the NMR system and freeze-clamped immediately after the
13C NMR acquisition had ended (about 8 min after HP injection). Hearts were subsequently
extracted with perchloric acid, neutralized, freeze-dried, and redissolved in D,O for analysis
by high-resolution IH NMR. The methyl proton resonances of lactate and B-HB each appear
as doublets due to 3-bond Jy coupling surrounded by smaller satellite peaks reflecting Jon
couplings arising from [1-13C]lactate and [1,3-13C,]B-HB contributions to these metabolite
pools (Fig. 6A and 6B). The concentrations of these metabolites were estimated from

peak intensities, calculated from areas under the resonances, of the methyl resonance of
lactate or B-HB and the reference resonance of DSS (at 0 ppm) using a predetermined
calibration curve. The tissue concentrations in micromoles per gram dry weight (umol/g
d.w.) are reported in Fig. 6C—6F. Hearts treated with AOA had the highest concentration

of [1-13C]lactate produced from HP [1-13C]pyruvate (2.18 + 0.50 pmol/g d.w., Fig. 6B).
The other groups had similar concentrations of [1-13C]lactate: control (1.28 + 0.19 pmol/g
d.w.), low-flow ischemia (1.60 £ 0.22 umol/g d.w ), and rotenone-treated hearts (1.36 £ 0.41
umol/g d.w.). Interestingly, only a small fraction of the total lactate pool, 4 to 6% in all
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groups (Fig. 6E) was 13C labeled as indicated by the total lactate concentrations in heart
extracts (control: 30 + 3 umol/g d.w., low flow ischemia: 22 + 3 pmol/g d.w., rotenone
treated: 19 + 2 umol/g d.w. and AOA treated: 42 + 6 umol/g d.w.).

Higher concentrations of 13C-labelled B-HB enzymatically converted from 13C-labelled
acetoacetate were observed in all three study groups compared to the values measured

in control hearts. The concentrations of this metabolite were 0.03 + 0.01, 0.27 + 0.01,

0.12 + 0.04, and 0.14 + 0.04 pmol/g d.w. for control hearts, low-flow ischemic hearts,
rotenone-treated hearts, and AOA-treated hearts, respectively. These results show that low-
flow ischemia hearts produced the highest concentration of 13C-labeled B-HB, a 9-fold
increase over the control hearts (Fig. 6D). Rotenone and AOA treatment also resulted in
increased 13C-labelled B-HB production, albeit to a smaller extent, compared to the control
group. Interestingly, total tissue B-HB (13C-labelled plus endogenous B-HB) concentrations
in these hearts show a different trend (Fig. 6F). The highest total B-HB concentration was
observed in the AOA-treated hearts (1.17 £ 0.28 umol/g d.w.). Despite having the highest
13C-labeled B-HB concentration, the average total B-HB concentration in low-flow ischemia
hearts (0.40 + 0.06 pmol/g d.w.) is slightly higher than the control group (0.25 = 0.20 umol/g
d.w.). Total B-HB concentration in the rotenone-treated group was 0.60£0.17 pmol/g d.w.

DISCUSSION

The goal of this study was to investigate whether co-hyperpolarized [1-13C]pyruvate

and [1,3-13C5]AcAc might be useful for simultaneous detection of redox state in the
cytosolic and mitochondria compartments in a single exam. Imaging cellular metabolism
with hyperpolarized [1-13C]pyruvate has been extensively studied preclinically30-33 and

is beginning to be used in clinical trials.34-37 The appearance of hyperpolarized 13C-
bicarbonate is widely accepted as a biomarker of oxidative metabolism while the appearance
of hyperpolarized [1-13C]lactate is thought to reflect a variety of indices including lactate
pool size, LDH activity, and cytosolic redox.2”- 38-40 Hyperpolarized [1-13C]AcAc has also
been tested in preclinical models for monitoring ketone body utilization1-45 and conversion
of [1,3-13C]AcAc to [1,3-13C] B-HB has been used as an index of mitochondrial redox state
in isolated perfused rat hearts and rat kidneys in vivo*3: 45, These earlier concepts were
combined in the present study by co-polarizing these two 13C metabolic probes to evaluate
their effectiveness as indicators of cytosolic and mitochondrial redox in isolated perfused rat
hearts experiencing a variety of physiological stresses.

Low-flow ischemia induced by lowering the perfusion pressure resulted in reduced

oxygen consumption, intracellular acidification, and NADH accumulation, consistent with
our previous findings.*® Increased production of [1,3-13C,]B-HB was observed in these
ischemic hearts, consistent with higher levels of mitochondrial NADH reported in hearts
subjected to similar ischemic conditions.*3: 46: 47 Interestingly, although the [PCr]/[ATP]
and phosphorylation potential measured in ischemic hearts tended to be lower compared to
control, they were not statistically different from the control hearts. In contrast, the amount
of HP [1,3-13C,]B-HB produced from [1,3-13C,]AcAc was significantly higher in ischemic
hearts compared to control hearts. Our findings suggest that mitochondrial dysfunction in
hearts subjected to mild ischemia is more readily detected by HP 13C NMR than by 31p
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NMR. Our results also suggest that the metabolism of HP[1,3-13C5]AcAc to [1,3-13C,]B-HB
is a more sensitive index for mitochondrial redox changes induced by myocardial ischemia
than traditional methods of measuring tissue and arterial p-HB/ACAC ratios as an index

for mitochondrial redox in the heart. Specifically, Opie et a/. reported that the ketone body
ratios in isolated perfused rat hearts#® and heart biopsies from dogs subjected to coronary
arterial ligation?® could not be reliably measured due to low ketone body concentrations in
these tissues. Both studies also reported that ratios of extracellular p-HB and AcAc are not
indicative of the mitochondrial redox in the hearts.

Rotenone, an inhibitor of mitochondrial complex I, does not have its primary effect

on myocardial perfusion, unlike low-flow ischemia as illustrated in Figure 2. With a
significant increase in coronary flow, rotenone treatment was associated with reduced
oxygen consumption, intracellular acidification, and significantly reduced phosphorylation
potential reflecting impaired respiration. Hearts treated with rotenone produced significantly
more [1,3-13C,]B-HB than control hearts, consistent with increased mitochondrial
NADH.43’ 47,50, 51

Inhibition of the malate-aspartate shuttle with AOA would be expected to increase cytosolic
retention of NADH while decreasing mitochondrial NADH availability, although the effects
of AOA on cardiac redox have not been studied.>2-54 As with rotenone, coronary flow

was preserved or slightly increased. Although reduced oxygen consumption, intracellular
acidification, and decreased phosphorylation potential was observed, accumulation of P;
was not high. A [PCr]/[ATP] ratio comparable to that in control hearts suggests that
mitochondrial function is not greatly affected by AOA. These findings are consistent with
the HP 13C NMR results where no change in HP [1,3-13C,]B-HB production was observed
in AOA-treated hearts.

Somewhat unexpectedly, no statistically significant differences in the production of HP
[1-13C]lactate were found across the four groups of hearts. These interventions were chosen
because of known effects on cytosolic redox state in hearts. For example, cytosolic redox
state in low-flow ischemic hearts was highly altered as confirmed by a marked increase

in tissue lactate-to-pyruvate ratio.> ¢ Similarly, rotenone treatments resulted in elevated
lactate®” and NADH?8 levels in myocytes. AOA treatments increased the lactate-to-pyruvate
and NADH/NAD* ratios in isolated working hearts and smooth muscle cells®2: 53 59
Although there was a trend to increase lactate in the HP exams, the effects of these
interventions were not dramatic. The similar HP [1-13C]lactate signals across four groups
of hearts may be due to a combination of factors. Since these hearts were supplied

with exogenous lactate and pyruvate in physiological concentrations with continuous flow
throughout, the preexisting pool of endogenous lactate were high in all four groups of
hearts (~20-40 pmol/g d.w., Fig. 6E). Upon entering the cells, HP [1-13C]pyruvate rapidly
exchanges into a large, constant pool size of unlabeled lactate producing a large, constant
amount of HP [1-13C]lactate. This exchange has been shown to occur with little, if any, net
production of new lactate.89: 1 The small and comparable 13C-lactate fractional enrichments
(4-8%, Fig. S2) across the groups of hearts agree well with the real-time HP 13C NMR
results, consistent with exchange of HP [1-13C]pyruvate into preexisting lactate pools.
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In contrast, the 1H NMR spectra showed varying degrees of 13C-labeling (11-73% 13C
fractional enrichment) in the B-HB pool at the time of freeze-clamping (Figures 6B and
S2). The largest preexisting p-HB pool was observed in the AOA-treated hearts. However,
the 13C fractional enrichment in this group is not statistically different from that of the
control hearts, consistent with the HP 13C results. This finding, in marked contrast to the
observations of lactate, indicate that the products of [1,3-13C,]AcAc are not necessarily
affected by the preexisting ketone pool in the myocardium. This feature may play a role
in the sensitivity of [1,3-13C,]B-HB to stress. Another factor is that the mass of NADH
available in mitochondria and the cytosol in functioning hearts is quite different. Using
simple assumptions about mitochondrial volume and measured NAD* and NADH in both
compartments 13: 62. 63 the mass of NADH in normal mitochondria, 0.06 micromoles/gram
dry weight, is 10 to 100 times higher than the NADH available in the cytosol. Hence, the
pool of available NADH in mitochondria may enable a rapid reduction of acetoacetate.

In principle, clinical translations of this technology could allow for the myocardial redox
state to be assessed in a single HP 13C MRI exam by measuring HP [1,3-13C,]B-HB

and [1-13C]lactate in the heart, but at least three other factors should be considered.

First, chemical dispersions between crucial metabolites, [1-13C]lactate, C-1 of [1,3-13C,]p-
HB, and byproduct [1-13C]acetate, are somewhat small (~1 ppm), potentially making it
challenging to resolve these metabolite peaks. However, a recent in vivo HP 13C MRI study
found that it is possible to resolve [1-13C]B-HB from [1-13C]acetate in rat kidneys using

a clinical 3T MRI scanner.#> Second, the two probes may compete with one another for

the same cellular transport system. Pyruvate and acetoacetate are transported by the same
monocarboxylate transporter (MCT) systems.54 The K, for pyruvate transport in some
cells is about 2 mM but is much lower in oocytes.®® The K, for acetoacetate ranges from
0.8 mM to over 200 mM depending on the isoform.54 More recently, the importance of
MCT-1 in the rate-limited appearance of lactate in an HP exam was clearly demonstrated.56
The magnitude of the interaction may differ among tissues since the MCT isoforms may
differ. Finally, the effect of injected probes on cellular redox must be considered. Both
substrates are part of the major mitochondrial and cytosolic redox pairs. Equilibration of
pyruvate with lactate and acetoacetate with g-HB will consume NADH in their respective
compartments. Nevertheless, both pyruvate and acetoacetate are rapidly oxidized to acetyl-
CoA, replenishing NADH. Therefore, administrations of these substrates over a brief period
could momentarily influence redox.

In summary, co-polarized [1,3-13C,]AcAc and [1-13C]pyruvate allow detection of the redox
response in cytosol and mitochondria of the isolated heart. Although there are challenges

to clinical translation, this combination could potentially be used as a biomarker for altered
redox state in distinct intracellular compartments of tissues.

METHODS

Animals and heart perfusion

Animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) at UT Southwestern Medical Center. Metabolism of co-hyperpolarized
[1-13C]pyruvate and [1,3-13C,]AcAc were investigated in Sprague Dawley rats in four
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groups (n = 4 per group), control hearts (Control), low-flow ischemic hearts (LF Isch.),
hearts treated with a mitochondrial complex I inhibitor rotenone (Rotenone), and hearts
treated with a transaminase inhibitor aminooxyacetate (AOA). Hearts were excised and
retrogradely perfused according to the Langendorff method as previously described®3. The
phosphate-free modified Krebs-Henseleit (KH) perfusion solution (25 mM NaHCOg, 118
mM NaCl, 4.7 mM KCI, 1.2 mM MgSQy, 1.2 mM KH,PO,4 and 1.25 mM CaCl,) contained
a physiological mixture of glucose (5.5 mM), lactate (1.2 mM), pyruvate (0.12 mM), and
long-chain free fatty acids (0.4 mM) in bovine serum albumin (0.75%). The free fatty acids
were a mixture of palmitic acid (23.7 mole %), palmitoleic acid (5.6 mole %), stearic acid
(2.6 mole %), oleic acid (26.3 mole %), linoleic acid (37.0 mole %), y-linoleic acid (2.4
mole %), and docosahexaenoic acid (2.3 mole %). The perfusion solution was oxygenated
with a 95:5 mixture of O,/CO, at a constant pressure of 100 cm-H,O. After 20 min of
perfusion, the perfusion pressure was lowered to 25-cm H,O for the low-flow ischemia
group. At this time point, the rotenone and AOA hearts were exposed to rotenone (20 uM) or
AOA (100 uM), respectively. Shimming was performed using the 23Na-FID to a linewidth of
~14 Hz while the heart was surrounded by a sucrose flush (250 mM) to remove extracellular
23Na. The NMR probe was then tuned to 31P without altering myocardial perfusion or
shimming followed by 3P NMR acquisition of the perfused hearts using 90-deg pulses
(number of transients = 64). 3IP Chemical shifts were referenced to the phosphocreatine
(PCr) resonance set to 0 ppm. The intracellular pH of these hearts was measured from

the chemical shift of the inorganic phosphate (Pi) peak using a modified Henderson—
Hasselbalch equation, pH = 6.72 + log[(8pi-3.17)/(5.72-6p;)], as described previously3: 67,
Concentration ratios of PCr, Pi, and ATP were measured using 31P signal intensities of

each metabolite (-y-phosphate for ATP). The ratios for [Pi]/[ATP] and [PCr]/[ATP] were
corrected for T1-induced signal intensity differences using the equation described previously
by Bottomley et a/.%8 based on the Ty values reported by Spencer et a/° for PCr, Pi, and
ATP. The ADP concentration (Eg. 1) and phosphorylation potential (Eq. 2) were calculated
as reported by Clarke et al. using the T4 corrected ratios for [Pi]/[ATP] and [PCr])/[ATP],
proton concentrations calculated from pH values (Fig. 2C) and reported values for creatine
kinase equilibrium constant (Kck = 10%/[mol]), total creatine concentration (28.3 mmol/L)
and total ATP concentration (6.27 mmol/L)2°.

_[ATP][Cr]
[ADP] = [PCr][HT|Kck Ea.1
[ATP] _ [PCr][H"|Kck Eq.2
[ADP|[Pi] —  [Cr][Pi] '

The coronary flow (CF), developed pressure, heart rate (HR), and oxygen partial pressure
(pO,) were measured twice at ~20 min (baseline) and ~45 min (steady-state). A solution

of HP 13C-pyruvate and 13C-acetoacetate was injected into the perfused heart ~30 min of
ischemia, rotenone-, or AOA-treatment immediately followed by dynamic 13C NMR. No
changes to the perfusion protocol were made for the control hearts during this treatment or
ischemia period. In total, each heart was perfused for ~50 min before being freeze clamped.
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Polarization and dissolution of [1-13C]pyruvate and [1,3-13C5]AcAc

Solutions of [1-13C]pyruvate (Cambridge Isotope Laboratories, MA, USA) and
[1,3-13C]AcAc (Cambridge Isotope Laboratories, MA, USA) were prepared separately for
polarization as previously described32 43, Briefly, neat [1-13C]pyruvate was mixed with
0X063 (15 mM) and gadoteridol ([Gd3*] = 2 mM)32. A [1,3-13C,]AcAc solution, prepared
by hydrolysis of ethyl [1,3-13C,]AcAc with 5 M NaOH at 45 °C for 45 min, was mixed
with an equal volume of glycerol and added OX063 (15 mM) and gadoteridol ([Gd3*] =
2mM)*3, To be polarized, the 13C-pyruvate (4 pL) and 13C-acetoacetate (36 pL) solutions
were sequentially added into a polarization sample cup placed in liquid nitrogen forming
separate layers of the 13C-enriched substrates. The frozen solutions were then loaded into
a 3.35T HyperSense polarizer (Oxford Instruments, UK) and polarized for 2 h at ~1.4 K
with ~94.1 GHz microwave irradiation. The polarized sample was quickly dissolved in the
superheated KH buffer (4 mL). Three milliliters of the co-polarized solution was mixed
with additional KH buffer (20 mL) and injected directly into the perfused heart through

a polyethylene catheter. Final concentrations for both 13C-pyruvate and 13C-acetoacetate
injected into the heart were 2 mM.

13C NMR spectroscopy

After acquisition of 31P NMR data, the probe was rapidly retuned without altering
myocardial perfusion or shimming. 13C NMR acquisition was initiated concurrently with
the start of the injection of HP substrates. A series of 13C NMR spectra were collected

with a 2 s delay between each scan using 20-deg pulses in a 9.4 T (Varian INOVA)
spectrometer equipped with a 25-mm broadband probe (Doty Scientific). The hearts were
freeze-clamped quickly after the 13C NMR acquisition. NMR spectra were processed using
ACD Labs SpecManager (Advanced Chemistry Development, Inc., Canada). Peak areas for
each metabolite were normalized to the total 13C signals from the respective injected 13C
substrate. Stacked hyperpolarized 13C NMR spectra of the perfused hearts were generated
using custom MATLAB scripts (MATLAB R2018a; The MathWorks Inc, USA).

High-resolution NMR spectroscopy of tissue extracts

Frozen heart tissues were pulverized and extracted with 5% perchloric acid (v/v). The
extracts were then neutralized, freeze-dried, and reconstituted in D,O containing 1 mM
EDTA and 0.5 mM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS, Chenomx Inc., Canada)
as an internal chemical shift reference. High-resolution NMR spectra were acquired on a
14.1 T spectrometer equipped with a 10-mm Bruker cryoprobe. The FID’s were zero-filled
to 64k data points, Fourier-transformed, referenced to DSS, phased and baseline corrected
using ACD/NMR Processor. Tissue concentrations of lactate and B-hydroxybutyrate were
estimated using the Chenomx software).

Statistical analysis

Data were presented as mean + standard error of mean (SEM). All plots were generated
using GraphPad Prism v.9 (GraphPad Software, San Diego, USA). Statistical significances
of differences were evaluated using a two-tailed Student’s t-test with Welch’s correction and
indicated by p <0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).
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B-HB
B-HBDH
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ATP
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13C MRI
DNP
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[Gd*]
KH
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NAD*
NADH
NMR

PCr

Rot

B-hydroxybutyrate

B-hydroxybutyrate dehydrogenase
acetoacetate

aminooxyacetate

adenosine triphosphate

area under the curve

hyperpolarized

carbon-13 magnetic resonance spectroscopy
carbon-13 magnetic resonance imaging
dynamic nuclear polarization
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Krebs Henseleit

ischemia low-flow ischemia
myocardial oxygen consumption
nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide
nuclear Magnetic Resonance
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inorganic phosphate
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Figure 1.
(A) A diagram showing the perfusion timeline for all groups of hearts; and (B) a scheme

illustrating the metabolism of [1-13C]pyruvate to [1-13C]lactate and [1,3-13C,]AcAc to
[1,3-13C,]B-hydroxybutyrate in the cytosolic and mitochondrial compartments, respectively.
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Figure2.

Plots indicating (A) coronary flow rate, (B) myocardial oxygen consumption, and (C)
intracellular pH of the hearts during perfusion. (D) 3P NMR spectrum of control, low-flow
ischemia, rotenone-treated, or AOA-treated perfused heart. Intracellular pH values were
calculated using the modified Henderson—-Hasselbalch equation from the chemical shift

of inorganic phosphate (P;) 31P resonances. Data are shown as the mean = SEM (n= 4)
with statistical significance of differences indicated by “*” (P<0.05), “**” (P<0.001), and
“xxx (P<0.0001).
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Bar graphs showing phosphocreatine to ATP ratio (A), inorganic phosphate to ATP ratio (B),
estimated ADP concentration (C), and phosphorylation potential (D) of all four groups of
perfused hearts. The metabolite ratios were calculated from 31P NMR signal intensities,
corrected for T, decay, according to previously published methods 8: 69, [ADP] and
phosphorylation potential were calculated using methods previously reported by Clarke et
al.?%, Data are shown as the mean + SEM (n= 4) with statistical significance of differences
indicated by “*” (P<0.05), “**” (P<0.001), and “***” (P< 0.0001).
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(A) Representative 13C NMR spectra of a perfused rat heart injected with co-

polarized [1-13C]pyruvate and [1,3-13C,]AcAc, showing resonances of [1-13C]pyruvate (P),
[1,3-13C,5]AcAc (A and A"), and their downstream metabolites. P1-P4 = metabolic products
of [1-13C]pyruvate; A;-A, = metabolic products of [1,3-13C,]AcAc. (B) Representative
sequential 13C NMR spectra, displayed as stacked plots, of the perfused hearts following the
injection of co-polarized [1-13C]pyruvate and [1,3-13C,]AcAc. Each spectrum was acquired
every 2 s. Corresponding summed spectra of these arrays are shown in panel (C). Averaged
normalized signal intensities (4 hearts per group) of HP [1-13C]lactate and C-1 of HP
[1,3-13C,]B-HB plotted as a function of perfusion time are shown in panels (D) and (E),
respectively. At a given time point, the HP [1-13C]lactate signal was normalized to the total
HP 13C signals of downstream metabolites originated from HP [1-13C]pyruvate summed
over the NMR acquisition time window for each heart, ~150 s. Meanwhile, the HP [1-13C]-
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HB signal was normalized to the total metabolites originated from HP [1,3-13C,]AcAc
during the same time window.
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Production of HP [1-13C]lactate (A) and HP [1-13C]B-HB (B) in the hearts following

the injection of co-polarized [1-13C]pyruvate and [1,3-13C5]AcAc. Intensities of HP
[1-13C]lactate were normalized to HP [1-13C]Jalanine produced by the same heart. HP
[1-13C]B-HB intensities were normalized to HP [1-13CJacetyl-carnitine. Data are presented
as the mean + SEM (n =4 per group) with statistical significance of differences indicated by
“x (P< 0.05) and “**” (P< 0.001).
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Figure 6.

(A-B) Representative high-resolution TH NMR spectra of tissue extracts of hearts

perfused under different conditions. For each spectrum, methyl resonances of lactate

and p-hydroxybutyrate are shown. (C-F) Average tissue lactate and p-hydroxybutyrate
concentrations quantified from the IH NMR spectra are shown in. Tissue concentrations

are shown as the mean £ SEM (n = 4) with statistical significance of differences indicated by
“*7 (P<0.05) and “***” (P<0.0001).
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