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Abstract

Dichloroacetate (DCA) and pyruvate activate pyruvate dehydrogenase (PDH), a key enzyme that
modulates glucose oxidation and mitochondrial NADH production. Both compounds improve
recovery after ischemia in isolated hearts. However, the action of DCA and pyruvate in normoxic
myocardium is incompletely understood. We measured the effect of DCA and pyruvate on
contraction, mitochondrial redox state, and intracellular calcium cycling in isolated rat hearts
during normoxic perfusion. Normalized epicardial NADH fluorescence (nNADH) and left
ventricular developed pressure (LVDP) were measured before and after administering DCA (5
mM) or pyruvate (5 mM). Optical mapping of Rhod-2AM was used to measure cytosolic calcium
kinetics. DCA maximally activated PDH, increasing the ratio of active to total PDH from
0.48+0.03 to 1.03 £0.03. Pyruvate sub-maximally activated PDH to a ratio of 0.75+£0.02. DCA and
pyruvate increased LVDP. When glucose was the only exogenous fuel, pyruvate increased
nNADH by 21.4£2.9 % while DCA reduced nNADH by 21.4£6.1 % and elevated the incidence of
premature ventricular contractions (PVCs). When lactate, pyruvate, and glucose were provided
together as exogenous fuels, nNADH increased with DCA, indicating that PDH activation with
glucose as the only exogenous fuel depletes PDH substrate. Calcium transient time-to-peak was
shortened by DCA and pyruvate and SR calcium re-uptake was 30 % longer. DCA and pyruvate
increased SR calcium load in myocyte monolayers. Overall, during normoxia when glucose is the
only exogenous fuel, DCA elevates SR calcium, increases LVDP and contractility, and diminishes
mitochondrial NADH. Administering DCA with plasma levels of lactate and pyruvate mitigates
the drop in mitochondrial NADH and prevents PVCs.
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Introduction

Dichloroacetate (DCA) improves the recovery of function during post-ischemic reperfusion
in isolated heart preparations [28, 30, 36, 37, 45]. The general mechanism is thought to be
the activation of pyruvate dehydrogenase (PDH) via the inhibition of PDH kinase (PDHK)
by DCA. This promotes full glucose oxidation by increasing flux through PDH, which is
primarily in its phosphorylated, inactive form during the first few minutes of reperfusion
[23, 27, 39]. The conversion of pyruvate to acetyl-CoA by the pyruvate dehydrogenase
complex is a key regulatory step, especially when glycolytic activity is high, as it is during
ischemia [6]. Because of this, the activation level of PDH is an important modulator of both
substrate utilization and cardiac function.

Improved function upon reperfusion with DCA is attributed to the correction of the
imbalance between glycolysis and full glucose oxidation after ischemia [32, 36]. However,
pyruvate, which also activates PDH, improves post-ischemic function as well [18, 34].
Administering pyruvate would not correct an imbalance between glycolysis and full glucose
oxidation: in fact, any imbalance would be exacerbated. Numerous other studies have
investigated the mechanisms by which pyruvate improves cardiac function without the
confounding variable of ischemia [10, 46, 52]; however, there are very few investigations of
the mechanisms of DCA in the absence of ischemia.

Increased pyruvate levels improve contractile performance during normoxia [10, 35].
Increased inotropy after administering exogenous pyruvate is due to increased TCA flux that
increases mitochondrial NADH [43]. Cytosolic phosphorylation potential ([ATP]/[ADP]
[P;]) is also elevated, as demonstrated in isolated perfused hearts [10, 22], as well as in vivo
[25]. Higher [ATP]/[ADP][P;] improves the efficiency of ATP-dependent processes such as
sarco/endoplasmic reticulum CaZ*t-ATPase (SERCA) [11] and the actin-myosin ATPase.
Abundant pyruvate also stabilizes the ryanodine receptor (RyR) to reduce sarcoplasmic (SR)
Ca?* leak [11, 52]. The overall effect is greater SR Ca?* load and release, increased force
production, and increased availability of high-energy phosphates for contraction, all of
which occur without a change in heart rate [35].

The understanding of DCA mechanisms is incomplete without additional insight into how
DCA might modulate function during normoxia. Indeed, administering DCA to cardiac
tissue, whether normoxic or not, should shift substrate preference from endogenous fatty
acids to carbohydrates. While fatty acids are the preferred substrate in normoxia [29], DCA
administration causes fatty acid oxidation to drop to almost zero while glucose and pyruvate
oxidation increase significantly, regardless of the presence of exogenous fat supply [31].
Improved understanding of this effect of DCA in the normoxic perfused heart, and a
comparison to the effect of administering exogenous pyruvate, could provide additional
insight into the functional response of cardiac tissue to DCA.
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Our objective was to study the effects of DCA on PDH activation, downstream
mitochondrial NADH production and consumption, calcium handling, myocardial
contractile function, and the potential for causing arrhythmias in the normoxic perfused
heart. Our approach was to compare the effects of activating PDH with either DCA or
exogenous pyruvate. We hypothesized that administration of 5 mM pyruvate, with 6 mM
glucose provided as fuel, would increase steady-state NADH and LVDP. We hypothesized
the administration of DCA, with 6 mM glucose provided as the fuel, would cause an initial
increase in NADH concentration as PDH flux increased; however, this would be followed
by a decrease in NADH due to an eventual PDH substrate limitation resulting from high
PDH flux and increased demand for NADH secondary to increased LVDP. Furthermore, we
predict DCA may increase the incidence of premature ventricular contractions due to
reduced endogenous pyruvate concentration, which may blunt the stabilizing effects of
pyruvate on RyR [52]. We hypothesize that pyruvate depletion with DCA and downstream
effects can be prevented with physiologic plasma concentrations of lactate (1 mM) and
pyruvate (0.2 mM) [47]. While both 5 mM DCA and pyruvate are expected to increase
LVDP, they are also expected to affect calcium handling similarly, specifically by
enhancing SR calcium load.

Materials and methods

Heart preparation

The George Washington University’s Animal Care and Use Committee approved all animal
protocols. Sprague—Dawley rats (male, 300-350 g) were anesthetized with an intraperitoneal
injection of Telazol (40 mg/kg). Upon cessation of pain reflexes, the heart was exposed via
thoracotomy and rapidly bathed in cold Krebs-Henseleit solution (KH) to slow heart rate.
Hearts were then excised and rinsed in a bath of ice-cold KH. The aorta was rapidly
cannulated then flushed with 500 units of heparin mixed with KH perfusate that contained
(in mM): 118 NaCl, 4.7 KCl, 1.25 CaCl,, 0.57 MgS0Oy, 1.17 KH,POy, 25 NaHCO3, 6
glucose, and 500 mU/L insulin. Exogenous fatty acids were not added to the perfusate for
the following reasons: (1) there is evidence that isolated perfused hearts have ample
endogenous fat to maintain normal contractile function for at least 60 min [38]; (2) DCA
administration causes fatty acid oxidation to drop to approximately 0, regardless of the
presence of exogenous fatty acids [31]; (3) our objective was to control exogenous
substrates utilization to systematically compare the functional response of DCA and

exogenous pyruvate.

Hearts were then transferred to a constant pressure (70 mmHg, 37+1 ° C) perfusion system
that was designed to provide for controlled transition between baseline (control) perfusate
and perfusate containing either 5 mM of pyruvate or DCA. This prevented the heart from
being exposed to high concentrations that may result from bolus administration of pyruvate
or DCA. Two separate reservoirs and pumps provided constant circulation and heating of
each perfusate solution and a valve at the aortic cannula allowed for immediate switching
between perfusates.
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General protocol

The initial perfusate (baseline) was the KH solution described above. Hearts were closely
monitored for electromechanical stability and signs of regional ischemia before beginning
each protocol. Hearts that appeared to be damaged were excluded. After a baseline period of
10 min, the perfusate was switched to baseline KH perfusate containing one of three
solutions: (a) 5 mM Na-Pyruvate (Pyr), (b) 5 mM Na-DCA (DCA), (c) baseline KH
(control, Ctrl). 5 mM DCA is at the upper-end of reported DCA concentrations that are used
in reperfusion studies [50]. The pyruvate concentration was chosen to match the DCA
concentration (5 mM), although higher concentrations have been used in previous studies
[46]. After the perfusate switch, left-ventricular developed pressure (LVDP), heart rate, and
epicardial NADH fluorescence were recorded for an additional 40 min (see below), after
which each heart was subjected to no-flow ischemia to record maximum NADH
fluorescence.

A separate set of experiments was completed to study the effects of administering DCA to
hearts perfused with physiologic levels of lactate and pyruvate (DCA-LP). In those studies
DCA (5 mM) was administered to hearts perfused with baseline perfusate that also
contained lactate (1 mM) and pyruvate (0.2 mM). The results of those studies were
compared with the results of administering DCA to hearts perfused with only 6 mM glucose.

Left-ventricular developed pressure measurements and NADH imaging

Isovolumic LVDP was measured by inserting a latex balloon (size 5) into the LV using
established techniques [17, 41]. The balloon was attached to a pressure transducer and the
diastolic LV pressure was set to 10 mmHg using a spindle syringe. Pressure was
continuously recorded using a bridge amplifier (World Precision Instruments) attached to a
PowerLab data acquisition unit with LabChart software (ADInstruments). After each study,
LVDP signals were differentiated and inotropy (max dP/dt) and lusitropy (min dP/dt) were
analyzed at predetermined timepoints.

Epicardial NADH fluorescence (fNADH) was imaged as previously described [2, 49]. A UV
LED spotlight (Mightex Systems) with a peak wavelength of 365 nm illuminated the
anterior epicardial surface. Power output was set to 2 mW with a power density of
approximately 0.16 mW/cm?. At this light intensity, we did not observe significant INADH
photobleaching over the course of two hours (data not shown). Light emitted from the
epicardial surface passed through a lens (Navitar, Inc), was band pass filtered at 475+25 nm
(Chroma Technology), and imaged at two frames per second using a CCD camera (Andor
iXon DV860). The anterior surface filled most of the imaging region; the majority of the
image contained the LV. Epicardial fNADH was assumed to be primarily of mitochondrial
origin because the fluorescence of mitochondrial NADH is dramatically enhanced by the
binding of NADH to Complex I [7].

Average normalized fNADH signals were computed from fNADH images by manually
selecting a large region of interest (ROI) that contained most of the visible epicardial
surface. For each image, fNADH was averaged for all pixels in the ROI to provide a
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temporal fNADH signal: fNADH(t). That signal was then normalized to compute nNADH(t)
using the equation:
INADH (t) — fNADH (thascline)

NADH () =
" ) =N ADH (trarom) — FNADH (tpaerme)

where fNADH (tpaseline) 1S the average fluorescence intensity during the initial 10 min
baseline period and fNADH(trschemia) 1S the fluorescence intensity after global ischemia,
which fully reduces NADH. This normalization sets fluorescence for global ischemia at 100
% and baseline fluorescence at 0 %. nNADH(t) was then used to compare changes in
mitochondrial NADH concentration between hearts.

Measurement of PDH activation ratio

PDH activation was measured for hearts perfused with 6 mM glucose (Ctrl), 6 mM glucose
+5 mM DCA (DCA), 6 mM glucose+5 mM pyruvate (Pyr), and 6 mM glucose+1 mM
lactate+0.2 mM pyruvate+5 mM DCA (DCA-LP). PDH activity was determined as
previously described by Gohil and Jones [15]. Ventricular tissue was homogenized (12.5
9%WIVv) and spun at 16,000xg for 5 s. The supernatant was then spun again for 5 min at
16,000xg. To measure PDH activity (PDHa), 0.5-0.7 mg protein was suspended in 50 pL of
100 mM P;j+2 % Triton solution, then placed in a 1-mL cuvette with (in millimolar): 50 Tris
(pH=8.0), 2 MgCl,, 2 pyruvate, 2 NAD, 2 TPP, and 0.2 KCN. Background was measured at
340 nm using a spectrophotometer (Molecular Devices). The addition of 20 mM CoA to the
cuvette stimulated NADH production, which was measured for 2 min. Maximal, or total,
PDH activity (PDHt) was measured by increasing the pyruvate and MgCl, concentrations to
20 mM. The ratio of baseline PDH activity to total PDH activity (PDHa:PDHt) determined
the percent of total PDH that was active. Protein concentration was measured using a
Pierce'" BCA protein assay kit (Life Technologies).

Cytosolic calcium imaging

Cytosolic CaZ* transients were measured before and after administering DCA or pyruvate.
Hearts were excised and Langendorff perfused as described above. The Ca®* sensitive dye,
Rhod-2AM (50 pg dissolved in 50 pL. DMSO and mixed with 50 pL of 20 % Pluronic
F-127), was mixed with 1 mL of 37 °C perfusate and injected into the bubble trap directly
above the heart. Blebbistatin, an actin-myosin ATPase inhibitor, was added to both perfusate
reservoirs (4.75 uM) to prevent motion artifact while imaging Rhod-2AM fluorescence [14].
Rhod-2AM was excited using an LED spotlight (output power at 2 mW) with a peak
wavelength of 530 nm (Mightex Systems) and a 545+20-nm excitation filter (Chroma
Technology). Emitted light passed through a lens (Navitar, Inc), was band pass filtered at
605£35 nm (Chroma Technology), and imaged at >600 frames per second using a CCD
camera (Andor iXon DV860).

Hearts were monitored for 10 min with baseline KH after administration of blebbistatin and
Rhod-2AM. Perfusate was then switched to a solution that was either baseline KH (Ctrl) or
contained 5 mM pyruvate (Pyr) or 5 mM DCA (DCA). Ca2* transients were imaged (2-s
duration) at 2-min intervals during baseline perfusion and after the perfusate switch. When
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imaging, hearts were sequentially paced at cycle lengths of 240 and 180 ms. Electrodes were
placed in the superfusion chamber to record electrical activity throughout the studies and to
monitor for pacing capture.

Average Ca®* transients were computed from Rhod-2AM images using pixels from a small
ROI having a diameter of 5 mm on the LV epicardium. Average transients were then
analyzed using custom MATLAB (Mathworks) algorithms to measure the following
parameters: duration from activation time to peak fluorescence (time-to-peak, TTP),
duration from activation time to 30 % and 80 % relaxation (CaD30 and CaD80), and decay
time constant (7). The activation time was defined as the maximum of the second derivative,
at the first detection of SR Ca®* release. The return to baseline was fitted as a mono-
exponential from 70 % height of the transient to the baseline to determine the decay time
constant (7) as described by Laurita et al. [26]. Average CaZ* transient parameters were
taken at 30 min after a perfusate switch to ensure the response had reached a steady-state.

We conducted parallel studies, as described above; with the exception that fNADH instead
of Rhod-2AM was imaged. The objective was to determine if the inhibition of the actin-
myosin ATPase with 4.75 uM of blebbistatin affected the dynamics of fNADH after
administering DCA or pyruvate.

Measurement of SR calcium load

The effect of DCA and pyruvate on SR Ca* load was measured using neonatal myocyte
monolayers and a caffeine surge protocol. Neonatal rat ventricular myocytes were isolated
and plated from a heterogeneous population of hearts, as previously described [41, 42].
Intracellular Ca%* transients were imaged using Fluo-4 and confocal fluorescence
microscopy [42]. Cells were field stimulated at 0.2 Hz for 30 s (20 V, 10 ms BCL), followed
by an injection of 20 mM caffeine to induce total SR calcium release [42]. The injection of
caffeine was supplemented with 20 mM KCl and 1 mM verapamil to prevent rapid
contractions. The average area under the curve (AUC) of three baseline transients was
compared to the area of the large transient induced by the caffeine surge (AUC Ratio).

Arrhythmia scoring

Statistics

Pressure and electrogram signals were examined to identify premature ventricular
contractions (PVCs) and episodes of non-sustained ventricular tachycardia (NSVT).
Arrhythmias were scored using a modified method from Jin et al. [20], where hearts having
20 or less PVCs received a score of 0 and hearts having more than 20 PVCs or one episode
of NSVT for less than 2 s received a score of 1. We did not observe any heart to have NSVT
longer than 2 s. We also did not observe VF or other significant arrhythmias, so scores
beyond 1 were not necessary. All hearts received arrhythmia scores of either O or 1.

Statistical analyses were performed in R. Data are presented as meantstandard error of
mean. Significance was defined by p<0.05, unless noted as p<0.01. One-way ANOV As with
Tukey post hoc tests were used to identify significant differences between groups. A three-
way ANOVA with Tukey post hoc tests were used to compare calcium transient
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characteristics between baseline and treatments, pacing rates, and between treatments. All
data were determined to be normal using the Shapiro—Wilk test.

Control studies with identical KH solutions in each side of the dual perfusion apparatus
confirmed that perfusate switching did not cause artifacts or alter heart function. Perfusate
switching introduced a maximum temperature variation of less than £1 °C and a heart rate
change of less than 5 %. No other changes in heart function were detected. HR changes of
less than 5 % were also measured when administering DCA or pyruvate.

LVDP and nNADH signals in all contracting heart studies consisted of three phases: a
baseline phase (BP), a transient phase (TP), and a steady-state phase (SSP). The BP was the
10 min of baseline perfusion before a perfusate switch occurred. The TP was the period
from the perfusate switch to when changes in LVDP or nNADH subsided. The SSP began
when a given variable reached steady-state and corresponded to the time from the end of the
TP to the end of study. Measurements did not maintain a stable steady state when pyruvate
and lactate were included in the baseline perfusate so data were averaged 25 to 35 min post
DCA administration (Post).

PDH activation by DCA and pyruvate

Pyruvate and DCA significantly increased PDH activity over baseline, with DCA
demonstrating more pronounced activation (Fig. 1a). DCA activated PDH to the same level,
with either 6 mM glucose or 6 mM glucose plus 1 mM lactate and 0.2 mM pyruvate
included in the baseline perfusate (Fig. 1a, b).

Changes in left-ventricular developed pressure (LVDP)

Both 5 mM DCA and 5 mM pyruvate resulted in a transient reduction in LVDP. LVDP
reached a minimum 1.6+0.4 min after perfusate was switched to 5 mM DCA (Fig. 2a and
Table 1). LVDP then quickly increased, at which time PVCs began to appear (inset Fig. 2a).
These PVCs consisted of a weakened contraction followed by a potentiated contraction. The
steady-state LVDP with DCA was 47+6.5 % above base-line (Fig. 2d). In all but one DCA
study, a significant number of PVCs and NSVT (<2-s duration) were observed throughout
the TP and SSP. The number of hearts in each group with an arrhythmia score greater than
one is listed in Table 2. A few additional studies were completed to determine if a higher
dose of DCA would further reduce LVDP during the TP. In those studies 40 mM DCA was
administered to hearts perfused with baseline perfusate containing 6 mM glucose. LVDP
results were similar for 5 and 40 mM DCA, except that the transient minimum was more
negative at 40 mM (-61.8+3.1 %) and time to steady-state was shorter (Table 1). The
steady-state LVDP value was not different between the two DCA concentrations (57.8+11
%)

A similar pressure trend was observed in hearts that were switched to a perfusate including 5
mM pyruvate (Fig. 2b). The transient reduction in LVDP reached a minimum within 2.1+0.3
min. The transient LVDP minimum was significantly more depressed than that of 5 mM
DCA (—44+0.89 vs. —26+4.0 %, p<0.01) (Fig. 2c). LVDP then quickly increased to a
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steady-state level 88+5.3 % above baseline (Fig. 2b), a level significantly higher than that of
5 mM DCA (p<0.01). The time to steady-state was 22+0.2 min, significantly longer than
that of 5 mM DCA (p<0.05) (Table 1). Average maximum and minimum LVDP derivatives
(dP/dt) are plotted in Fig. 2e and f for each phase (BP, TP, and SSP) of DCA and pyruvate
perfusion.

Arrhythmias with pyruvate were rare, with only one study having enough PVCs to result in
an arrhythmia score of 1 during the TP (Table 2). Arrhythmias were not observed with
pyruvate during the SSP of any study. Arrhythmias were also not observed when DCAwas
administered with plasma levels of lactate and pyruvate. Likewise, arrhythmias were not
observed with either DCA or pyruvate when blebbistatin was administered to image calcium
transients.

The effects of 5 mM DCA on LVDP were different when baseline perfusate contained
plasma levels of lactate and pyruvate (DCA-LP, Fig. 2c). A transient dip in LVDP was
observed immediately after DCA administration, LVDP rose to 98+9 % above baseline after
30 min (Fig. 2c), and resulted in a significantly higher LVDP than when 5 mM DCAwas
added with glucose as the sole exogenous fuel (Fig. 2d). Both contractility and lusitropy
were significantly higher in the DCA-LP experiments compared to 5 mM DCA (Fig. 2e and

).

Changes in nNADH

Average NADH fluorescence peaked during the TP and then decreased to a sustained level
in the SSP. nNADH signals and average data for each of the three phases are shown in Fig.
3a—c. When 5 mM pyruvate was administered, nNADH increased at a rate greater than that
of DCA and peaked after 3.2+0.3 min (Table 1, Fig. 3b) at a level much higher than that of
DCA (46.4£4.9 vs. 9.1£3.0 %, p<0.05). After the peak, nNADH gradually dropped,
reaching a new stable level of 21+£2.9 % at 17+0.2 min. Steady-state nNADH levels for
pyruvate and DCA (with only 6 mM glucose as baseline exogenous fuel) were dramatically
different (21.442.9 vs. —21.4£6.1 %, p<0.01), as shown in Fig. 3d. Similar results were
obtained with 40 mM DCA (TP=10.6£3.5, SSP=-19.24+4.4) with no difference in average
nNADH between the two DCA concentrations.

After administering 5 mM DCA with physiologic levels of lactate and pyruvate in the
baseline perfusate, there was a period of increasing nNADH of varying rates that did not
have a distinct steady-state phase (Fig. 3¢). The inclusion of physiologic levels of lactate and
pyruvate prevented the drop in nNADH below baseline in the TP that occurred when
glucose was the only exogenous fuel (Fig. 3d). This result indicates that pyruvate production
when glucose is the only exogenous fuel may limit NADH production after administering
DCA.

The effect of actin-myosin ATPase inhibition on nNADH is shown in Fig. 4. The initial
response for both DCA and pyruvate was a quick nNADH increase, similar to that observed
in the contracting heart studies. However, a subsequent decrease of nNADH was not
observed. nNADH plateaued at a higher steady-state level with pyruvate but continued to
slowly increase throughout the duration of the study with DCA.
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Cytosolic calcium kinetics

Cytosolic Ca®* transients were measured from the anterior epicardial surface before and
after administering DCA or pyruvate. Actin-myosin ATPase inhibition with blebbistatin was
required to measure Ca* transients without motion artifact so Ca** measurements were
carefully considered with respect to the nNADH results with blebbistatin shown in Fig. 4.
Average Ca®* transient kinetics were measured 30 min after a perfusate switch to ensure the
absence of any transient response. This was longer than the time required to reach steady-
state LVDP in the contracting heart experiments (Table 1).

Representative CaZ* transients at the 240-ms pacing rate are shown in Fig. 5, with these
signals reflecting the overall results shown in Fig. 6a-d. The significant effects of DCA or
pyruvate on Ca®* transient kinetics were to shorten CaD30 and TTP and lengthen 7. A
narrower transient peak interval was observed with both DCA and pyruvate, observed as a
shortened CaD30 (Fig. 6a), but the remaining Ca?* uptake took longer (increased 7),
ultimately resulting in a CaD80 that did not change compared to baseline.

Typical calcium transients from neonatal myocyte mono-layers superfused with baseline
perfusate solution before and after a caffeine surge are shown in Fig. 7a. The ratio of the
area under a transient after and before the caffeine surge was computed as the transient AUC
ratio. Increased SR calcium load would be indicated as an increased transient AUC ratio
compared to control. We observed that transient AUC ratios were significantly elevated after
administering 5 mM DCA or pyruvate (Fig. 7b). Ratios were also higher for 5 mM pyruvate
compared to 5 mM DCA (Fig.7b).

Discussion

Our systematic comparison of functional changes after the administration of DCA or
exogenous pyruvate reveals that the responses of mitochondrial NADH and LVDP are
biphasic and differ between the compounds. Both compounds activate PDH compared to
baseline, though only DCA results in 100 % activation (Fig. 1b). In the presence of glucose
alone, both compounds increase LVDP, but steady-state levels of NADH are higher than
baseline with pyruvate while lower than baseline with DCA, consistent with reduced
endogenous pyruvate. Indeed, DCA reduces circulating pyruvate concentration in patients
[16] and reduces cytosolic pyruvate in isolated hearts provided with glucose and acetate as
the only exogenous fuels [9]. Pyruvate stabilizes the RyR [52], so reduced cytosolic
pyruvate likely increases the open probability of the RyR and may explain our finding of
increased arrhythmias with DCA. Further supporting this, we have demonstrated that when
DCA is administered in the presence of plasma concentrations of pyruvate and lactate,
sustained NADH is higher than baseline and arrhythmia incidence is reduced. Taken
together, we have shown in isolated perfused hearts, DCA increases LVDP in the normoxic
myocardium in concert with a more oxidized mitochondrial redox state when exogenous
lactate and pyruvate are not present. These results indicate the effects of DCA are dependent
on circulating fuels available to the myocardium with a primary implication that DCA could
create a condition of PDH substrate limitation subsequent to maximal PDH activation that
increases arrhythmia susceptibility.
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Left-ventricular developed pressure and contractility

LVDP transiently decreases then increases when either DCA or pyruvate is added to the
perfusate, stabilizing at a level significantly higher than baseline without an increase in heart
rate (Table 3). Increased LVDP with no change in heart rate after pyruvate administration is
consistent with previous studies in normoxic hearts [10, 35]. The higher developed pressure
is likely due to increased TCA cycle flux following PDH activation by pyruvate.
Additionally, the mechanism of increased force production by pyruvate has been localized to
the mitochondria, as blocking pyruvate from entering the mitochondrial matrix inhibits
increased force [35]. Our results provide new data showing the time-course of LVDP
changes after administering DCA. Furthermore, we show that steady-state LVDP with DCA
is lower than that of exogenously administered pyruvate (Fig. 2d). While pyruvate and DCA
both act to increase PDH flux [51], exogenous pyruvate provides ample PDH substrate,
which supports higher LVDP. On the contrary, DCA would increase TCA cycle flux without
activating the upstream producers of pyruvate (glycolytic enzymes), thereby causing a
substrate limitation at PDH to limit further increases in LVDP.

Previous studies in isolated myocytes provide insight into the mechanism of the transient
reduction of LVDP upon the administration of DCA and pyruvate [18, 46, 52]. Increased
extracellular pyruvate increases the activity of the sarcolemmal H*-monocarboxylate
cotransporter [13, 40]. Co-transport of H* with pyruvate acidifies the cytosol, thereby
reducing myofilament Ca%* sensitivity and pressure development [18]. Jackson and
Halestrap demonstrated that the up-take of DCA or pyruvate results in a pH reduction in
liver cells, indicating that both compounds are likely co-transported into the cell with H*
[19]. Our results in whole hearts are consistent with cytosolic acidification associated with
the transport of DCA and pyruvate. Additionally, this phenomenon is concentration
dependent, as 40 mM DCA results in a greater reduction in LVDP than 5 mM DCA. Our
finding that 5 mM pyruvate or 5 mM DCA transiently reduce LVDP with a similar time
course is consistent with the hypothesis that the sarcolemmal co-transporter is similar, or the
same, for both compounds. We also found significant, but temporary, reductions in inotropy
and lusitropy upon DCA and pyruvate administration, which are also consistent with
cytosolic acidification (Fig. 2e-f). A previous study in cells indicates that cytosolic
acidification is maintained [52], while other studies in cells and isolated muscle strips [18,
46] indicate that acidification is transient. Our results indicate that the acidification is likely
transient in whole hearts.

Mitochondrial redox state

Our studies provide new data in normoxic myocardium for comparing changes in
mitochondrial NADH after administering DCA or pyruvate. nNADH increases immediately
upon administration of both compounds (Fig. 3a-c). This could be an intertwined result of
increases in NADH production [12, 21] and lower NADH consumption due to the initially
reduced LVDP in the TP. Maximum nNADH with 40 mM DCA was not significantly
greater than that with 5 mM DCA, despite the transient reduction in LVDP being more
significant. These results support the hypothesis that reduction in LVDP is due to cytosolic
acidosis. The increase in nNADH is due not only to the decrease in LVDP, but increased
metabolism as well. Subsequently, with both 5 and 40 mM DCA, nNADH begins to decline
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as LVDP increases. The decline of nNADH is attributed to increased work output as
reductions in LVDP are abolished. This interpretation is further supported by the absence of
any decrease in nNADH when the actin-myosin ATPase is inhibited with blebbistatin (Fig.
4).

With pyruvate, nNADH stabilizes at a level substantially higher than baseline, consistent
with previous studies [3, 43]. This is also consistent with lower FAD™, as observed by Zima
et al. after the introduction of pyruvate to individual ventricular myocytes [52]. Others have
shown that increased pyruvate oxidation increases cytosolic phosphorylation potential
during normoxia and post-ischemic recovery [10], to which increased LVDP and
contractility have been attributed [44]. Although we did not measure [ATP]/[ADP][P;],
cytosolic phosphorylation potential can be inferred from changes in mitochondrial NADH
when glucose-only perfusate is supplemented with pyruvate [43]. Altogether, our SSP
results are consistent with previous observations of higher cytosolic phosphorylation
potential in hearts perfused with pyruvate [10, 11, 35].

Our hypothesis that the administration of DCA to a normoxic heart would lower
mitochondrial steady-state NADH when glucose is the only exogenous supplied fuel is
supported by the reduction of NADH to a level lower than baseline (Fig. 3d). Since DCA
terminates regulation of PDH via negative feedback loops, leaving PDH in an active state
despite low levels of pyruvate [48], we surmise that DCA depletes endogenous pyruvate if
only glucose is available. Indeed, it has been shown DCA reduces cytosolic pyruvate in the
heart [9]. After administering DCA with only glucose, the only available source of pyruvate
is that of which is glycolytically produced, on the order of 67 uM [35]. Furthermore,
increased workload increases NADH consumption rate and decreases mitochondrial NADH
[3, 4, 8]. Our results showing DCA simultaneously increases LVDP and decreases nNADH
are consistent with the concept that in the absence of abundant substrate increased work
output is associated with a decrease in steady-state mitochondrial NADH.

Cytosolic calcium transient kinetics

We show for the first time the effect of DCA and pyruvate on the kinetics of cytosolic
calcium transients in isolated perfused hearts. With both compounds, we found reductions in
Ca?* TTP and CaD30. We also found that CaD80 remained unchanged: a combined effect
of shortened CaD30 with lengthening of 7. These results are consistent with increased SR
Ca®* load as a result of increased cytosolic phosphorylation potential [33]. Indeed, studies in
isolated cardiac myocytes found that pyruvate increases SR Ca2* load [18, 52] due to
increased cytosolic phosphorylation potential, which result in increased Ca2* transient
amplitude [46, 52] and increased systolic contractile force [35, 52]. Although nNADH
dropped below baseline in contracting hearts with DCA (Fig. 3a), nNADH rose steadily
above baseline with DCA when the conditions of the calcium measurements were
reproduced by inhibiting the actin-myosin ATPase with blebbistatin (Fig. 4). This result
supports the evidence that elevated cytosolic phosphorylation potential with both DCA and
pyruvate was the primary mechanism of the observed changes in Ca%* kinetics.

Our finding of reduced TTP corresponds to increased RyR synchronization, despite a
possible reduction in RyR open probability by the presence of pyruvate [52]. Higher
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cytosolic phosphorylation potential should enable the SERCA pump to maintain higher
trans-SR CaZ* gradients. However, longer zindicates that SERCA requires more time to re-
sequester the larger amount of CaZ* released, particularly in the later part of the Ca2* uptake
phase. This interpretation is aligned with results of Torres et al. that show increases in
relaxation time in trabeculae muscle after administering pyruvate [46]. Our finding of
reductions in CaD30 is evidence that SERCA activity is increased in the early portion of the
calcium transient. This would also explain the narrowing of the transient peak observed with
DCA and pyruvate in Fig. 5b, c. DCA caused more significant shortening of CaD30 than
pyruvate (Fig. 6a). This may reflect that more Ca2* is released from the SR with pyruvate,
as demonstrated by our myocyte SR load experiments which show pyruvate causes more
significant elevation of SR load than DCA (Fig. 7b). With DCA and pyruvate, the measured
reductions of TTP are approximately 2 ms, but CaD30 reductions are approximately 5—-10
ms, indicating that the changes in CaD30 are not solely due to changes in TTP and are likely
the result of improved uptake by SERCA and/or extrusion by the Na*/Ca?* transporter.
However, the absence of a change in CaD80 indicates this increased uptake rate was not
maintained throughout the Ca2* transient.

To our knowledge the only study that measured myocardial Ca2* content before and after
DCA found that total myocardial Ca2* was unchanged [1]. Our results indicate DCA does
indeed increase SR calcium load in isolated myocytes (Fig. 7b). However, this may only be
the case when work is low (electromechanically uncoupled hearts and isolated myocytes) or
when there is additional substrate (circulating lactate at 1 mM and pyruvate at 0.2 mM).
Greater LVDP and inotropy with DCA in the contracting heart experiments is evidence of
increased actin-myosin ATPase activity, which predicts increased Ca2* transient amplitude.
Deeper insight will require additional studies that will likely involve measuring cytosolic
Ca2* transient amplitudes and SR Ca%* load in contracting hearts before and after
administering DCA.

Conclusion

Limitations

There is consensus that DCA improves post-ischemic cardiac recovery in isolated perfused
hearts, but mechanisms by which DCA improves function in normoxic myocardium are not
completely understood. We show that although DCA and pyruvate activate PDH at different
levels they increase steady-state contractility and similarly alter calcium kinetics and
increase SR load. Steady-state levels of mitochondrial NADH are different between DCA
and pyruvate and depend upon the availability of exogenous fuels. When PDH is maximally
activated with DCA, the response in normoxic myocardium, when glucose is the only
exogenous fuel, is an increase in LVDP and contractility, a drop in mitochondrial NADH,
and elevated incidence of premature ventricular contractions. Plasma levels of lactate and
pyruvate mitigate the drop in mitochondrial NADH and prevent premature ventricular
contractions.

Study limitations include the typical shortcomings of ex vivo-perfused heart preparations:
perfusion with a crystalloid perfusate instead of blood, the non-physiologic working
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condition of isovolumic contraction, and the use of an electrome-chanical uncoupling agent
for the Ca* imaging studies [24]. NADH fluorescence signals could be contaminated by
changes in myoglobin absorbance and changes in cell density; however, such contamination
is unlikely because none of our experimental perturbations induced ischemia or hypoxia.
Our nNADH measurements could also be contaminated by the antioxidant effect of pyruvate
[5] as well as possible contamination of NADPH fluorescence from the cytosol, although
this is unlikely due significant enhancement of mitochondrial NADH by the binding of
NADH to Complex I [7].
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(a) Measured active PDH (PDHa) and total PDH (PDHt) activities from hearts perfused
with 6 mM glucose (Ctrl), 6 mM glucose+5 mM DCA (DCA), 6 mM glucose+5 mM
pyruvate (Pyr), and 6 mM glucose+1 mM lactate+0.2 mM pyruvate+5 mM DCA (DCA-LP).
(b) Ratios of PDHa:PDHt. n=3 per group. Asterisk, significantly different than control.

Dagger, significantly different than 5 mM DCA
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baseline phase (BP), transient phase (TP), and steady-state phase (SSP). When (C) 5 mM

DCA was administered in the presence of 1 mM lactate and 0.2 mM pyruvate, there was no

distinct steady-state phase. The trough value was used for TP and the average LVDP
between 25 and 35 min after administration (Post) was compared to SSP. Average LVDP

data (d), max dP/dt (e), and min dP/dt (f) during TP and SSP (or Post) for each group. n=3—
5 per group. Dagger, significantly different than 5 mM DCA
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Fig. 3.

Ck?anges from baseline in fNADH after administering DCA or pyruvate. Representative
normalized fNADH (nNADH) from the epicardium of isovolumic contracting hearts upon
the administration of (&) 5 mM DCA, (b) 5 mM pyruvate, and (¢) 5 mM DCA in the
presence of 1 mM lactate and 0.2 mM pyruvate. Fluorescence was normalized as described
in the Methods. (d) Average nNADH during TP and SSP (or Post) for each group. n=3-5
per group. Dagger, significantly different than 5 mM DCA
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Changes in epicardial NADH fluorescence after administering DCA or pyruvate in hearts

electromechanically uncoupled with blebbistatin.
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Fig. 5.
Representative, normalized calcium transients. Transients were acquired during pacing at

240-ms-cycle length after 10 min of baseline (with 6 mM glucose) and either (a) 30
additional min of control, (b) 30 min of 5 mM DCA administration, or (¢) 30 min of 5 mM
pyruvate administration
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Mgasurements of SR calcium load by caffeine. (a) Representative calcium transients during
SR load experiments. (b) The ratio of area under the curve of the caffeine induced calcium
transient to the area under the curve of three averaged baseline transients in each group. n=3
per group. Asterisk, significantly different than control. Dagger, significantly different than
5 mM DCA
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Table 1

Time to peak/trough and time to steady-state of LVDP and a NADH after administering DCA or pyruvate

5mM DCA 5mM Pyruvate 40mM DCA

LVDP  Time-to-trough 1.6+0.4 2.1x0.3 1.5+0.2
Time-to-SS 11+1.2 224022 5.040.52

NADH  Time-to-peak 2.1£0.6 3.2i0_3b 2.2+0.4
Time-to-SS 9.6£0.9 7402 2@ 554082

Time (in minutes) for NADH and LVDP signals to achieve peak (NADH) or trough (LVDP) as well as the time to achieve new steady-state after
administering DCA or pyruvate. Data represents mean+SE. n=3-5 per group

a
Significantly different than corresponding 5 mM DCA value

b,
Significantly different from 5 mM pyruvate LVDP
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Table 2
Arrhythmia scores
Transient  Steady-state
phase phase
Contracting 5 mM DCA 4/5 4/5
5 mM pyruvate  1/3 0/3
40 mM DCA 3/3 3/3
5mM DCA-LP 0/4 1/4 (Post)
Non-contracting > MM DCA 04 N/A
(Blebbistatin) 5 N pyruvate 074 0/4

Page 24

Number of hearts within each group that experienced arrhythmias during the transient or steady-state phases. See Materials and methods for

arrhythmia scoring criteria
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Table 3

Page 25

Summary of functional, metabolic, and calcium cycling differences between 5 mM DCA and 5 mM pyruvate

during steady-state

DCAvs. Pyruvatevs. DCA\vs.
basdline  baseline pyruvate
PDHa:PDHt Greater”  Greater” Greater”
Heart rate ND ND ND
LVDP Greater©  Greater * Lower ~
Max dP/dt Greater ©  Greater (ns)  ND
Min dP/dt Lower ©  Lower (ns) ND
LVDPTPDur NA NA Shorter *
NADH TP Dur NA NA Shorter *
nNADH Lower ©  Greater * Lower *
CaD30 Shorter *  Shorter * ND
CaD80 ND ND ND
CaT TTP Shorter ™ Shorter * ND
CaT Longer©  Longer " ND

ND no difference, NA not available

*
p<0.05
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