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Abstract

There is considerable evidence to support a role for lipotoxicity in the development of diabetic
cardiomyopathy, although the molecular links between enhanced saturated fatty acid uptake/
metabolism and impaired cardiac function are poorly understood. In the present study, the effects of
acute exposure to the saturated fatty acid, palmitate, on myocardial contractility and excitability were
examined directly. Exposure of isolated (adult mouse) ventricular myocytes to palmitate, complexed
to bovine serum albumin (palmitate:BSA) as in blood, rapidly reduced (by 54+4%) mean (£ SEM)
unloaded fractional cell shortening. The amplitudes of intracellular Ca2* transients decreased in
parallel. Current-clamp recordings revealed that exposure to palmitate:BSA markedly shortened
action potential durations at 20, 50 and 90% repolarization. These effects were reversible and were
occluded when the K* in the recording pipettes was replaced with Cs*, suggesting a direct effect on
repolarizing K* currents. Indeed, voltage-clamp recordings revealed that palmitate:BSA reversibly
and selectively increased peak outward voltage-gated K* (Kv) current amplitudes by 20 + 2%,
whereas inwardly rectifying K* (Kir) currents and voltage-gated CaZ* currents were unaffected.
Further analyses revealed that the individual Kv current components lyg 1, Ik siow and lss, were all
increased (by 12 =2 %, 37 = 4 % and 34 + 4, respectively) in cells exposed to palmitate:BSA.
Consistent with effects on both components of Ik sjow (Ik slow1 and Ik sjow2) the magnitude of the
palmitate-induced increase was attenuated in ventricular myocytes isolated from animals in which
the KV1.5 (Ik sjow1) Of the Kv2.1 (Ik siow2) locus was disrupted and Ik siow1 OF Ik slow2 is eliminated.
Both the enhancement of Ik 510w and the negative inotropic effect of palmitate:BSA were reduced in
the presence of the Kv1.5 selective channel blocker, diphenyl phosphine oxide-1 (DPO-1). Taken
together, these results suggest that elevations in circulating saturated free fatty acids, as occurs in
diabetes, can directly augment repolarizing myocardial Kv currents and impair excitation-contraction
coupling.
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INTRODUCTION

Altered energy metabolism is a prominent feature of, and in some instances may cause, heart
failure [1,2]. For example, cardiac dysfunction is a prominent feature of diabetes mellitus and
itis clear that impaired cardiac function can occur in individuals with diabetes without evidence
of any other secondary risk factors for heart disease, including hypertension or atherosclerosis,
suggesting that the metabolic consequences of diabetes alone are sufficient to impair cardiac
function [3,4]. These observations also suggest that derangements of cardiac metabolism can
have direct consequences on cardiac function. The potential molecular mechanisms that link
altered metabolism with cardiac pathology are numerous [2], although poorly understood.

In the normal heart, lipid oxidation accounts for about 60% of the total ATP generated, while
glycolysis supplies the remainder [5,6]. In the diabetic heart, in contrast, 80-90% of the ATP
is generated from lipid oxidation as a direct result of increased circulating free fatty acids and
reduced insulin sensitivity [7-9]. In previous studies, we demonstrated that transgenic mice
(MHC-FATP) overexpressing fatty acid transport protein 1 (FATP-1) specifically in the
myocardium exhibit increased myocardial lipid uptake, storage and metabolism [10]. In
addition, MHC-FATP mice have impaired diastolic function [10,11], one of the earliest signs
of diabetic cardiomyopathy [12,13]. These findings support the hypothesis that altered cardiac
metabolism alone is sufficient to impair cardiac function.

Importantly, however, the later stages of diabetic cardiomyopathy in humans are also
characterized by impaired systolic function [14-16]. In addition, marked systolic dysfunction
has been observed in several animal models of diabetes, including streptozotocin-induced
diabetes in rats and mice, Zucker diabetic fatty rats and in db/db mice [9,17-19]. In contrast
to the MHC-FATP transgenic mice in which the metabolic derangements are restricted to the
myocardium [10], these animal models of diabetes exhibit systemic metabolic abnormalities,
including increases in circulating saturated fatty acids [9,20]. The phenotypic differences
between these models and the MHC-FATP mice also indicate that altered substrate usage in
the heart alone is insufficient to explain the observed systolic dysfunction [10,11], further
suggesting that the systemic increases in circulating free fatty acids that are associated with
diabetes [19,21] might contribute directly to systolic dysfunction.

The experiments here were designed to explore directly the functional consequences of acute
exposure to palmitate, complexed with bovine serum albumin (BSA) as in blood, on the
mechanical and electrical properties of isolated (adult mouse) ventricular myocytes. Consistent
with the notion that elevated circulating fatty acids may contribute to systolic dysfunction in
cardiac disease, these experiments demonstrate reversible inhibition of unloaded cell
shortening in response to elevated palmitate. In addition, the results of further
electrophysiological experiments suggest that the negative inotropic effect of palmitate:BSA
is due to shortening of action potential durations, resulting from palmitate-induced
augmentation of repolarizing voltage-gated K* (Kv) currents.

Materials and Methods

Animals

Adult wild type (WT), SWAP [22], and Kv2.17/~ (Deltagen Corporation) C57BL6 mice were
used in the experiments here. All animals were handled in accordance with the NIH Guide for
the Care and Use of Laboratory Animals, and all protocols were approval by the Washington
University Animal Studies Committee.
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Isolation of Adult Mouse Ventricular Myocytes

Solutions

Myocytes were isolated from the left ventricles of adult (8-12 week) WT, SWAP or
Kv2.17~ C57BL6 mice using enzymatic and mechanical methods that have been described
previously in detail [23,24]. Following dispersion, isolated left ventricular myocytes were
stored in isolation medium containing (in mM): NaCl, 116 mM; KCl, 5.3 mM; CaCl,, 0.15
mM; NaH,POy, 1.2 mM; glucose, 11.6 mM; MgCl,, 3.7 mM; HEPES, 20 mM; L-glutamine,
2.0 mM; NaHCOs3, 4.4 mM; KH,POy, 1.5 mM; and supplemented with 1x essential vitamins
and amino acids (GIBCO) at room temperature. Cells were used in experiments within 12 hr
of isolation.

For experiments, palmitate (Nu-Chek Prep # N-16-A) was complexed with fatty acid free
bovine serum albumin (BSA, Sigma #A-6003). Stock solutions containing 20% BSA were
prepared in sterile phosphate buffered saline (PBS) and stored at 4°C. Complexed
palmitate:BSA solutions were then prepared by mixing aliquots of 20 mM palmitic acid
(prepared fresh in sterile H,O) and the 20% fatty acid free BSA stock solution at a 1:2 molar
ratio in normal Tyrode solution. The resulting solutions were sterile filtered and stored at 4°C
(for up to one week) for use in experiments. The palmitate concentrations provided in the text
represent the total (not the calculated free) palmitate concentrations in the solutions. The
calculated free palmitate concentration, using the method of Richieri and colleagues [25], with
a palmitate:BSA ratio of 1:2 was 42 nM. This final unbound palmitate concentration (of 42
nM) was selected based on previous reports that this concentration would not cause
“lipotoxicity” [26]. This concentration is, however, expected to be in the low pathological range
of unbound free fatty acid concentrations, reported to be as high as 100 nM [27].

Cell Contractility and Calcium Transient Measurements

Unloaded cell shortening and calcium transients were measured in isolated adult mouse left
ventricular myocytes. For experiments, isolated left ventricular cells were transferred to a
recording chamber mounted on the stage of a Nikon Diaphot inverted microscope and perfused
with normal Tyrode solution containing (in mM): NaCl, 137; KCI, 5.4; NaH,PQOy,, 0.16;
glucose, 10; CaCl,, 1.8; MgCl,, 0.5; HEPES, 5.0; NaHCOg, 3.0; pH 7.3-7.4). All experiments
were performed at room temperature. Video images of individual myocyte contractions were
acquired and analyzed using a Myocam camera (lonOptix).

To determine the effect of acute palmitate applications on contractility, isolated myocytes were
transferred to the recording chamber, field stimulated (20 V @ 1 Hz) and superfused with
normal Tyrode solution. After 30 seconds of recording in control solution, the superfusion
solution was changed (using a rapid solution switcher; Warner Instruments) to Tyrode
containing 75 pM palmitate:150 uM BSA (or the indicated concentrations of palmitate and
BSA). At each solution change, contraction parameters were re-measured after 5 minutes of
continuous superfusion or earlier when a new steady state contraction was clearly reached prior
to this (5 min) time point. This was often the case when the highest concentration of
palmitate:BSA (75 uM) was applied (e.g. Figure 1A). To assess the effects of the Kv channel
blocker, Diphosphine Oxide 1 (DPO-1, Tocris Bioscience)[28], a similar experimental
strategy, involving switching the superfusion solution during continuous field stimulation.
Following 30 seconds of baseline recording, the solution was switched to Tyrode containing
1 uM DPO-1 and 6 superfused for 5 minutes or until a new baseline was achieved. The
superfusion solution was then switched to Tyrode containing 1 pM DPO-1 and 75 pM
palmitate/150 uM BSA, followed by Tyrode lacking DPO-1, i.e., containing 75 uM palmitate/
150 puM BSA alone; washout was obtained by superfusion of normal Tyrode solution.

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 February 1.
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In experiments focused on measuring intracellular free Ca2* concentrations [Ca%*]i, isolated
ventricular myocytes were incubated in isolation medium (see above) containing (0.5 -1 pM)
fluo-4-AM (Molecular Probes, Inc.) and (0.02%) pluronic acid (Sigma) for 30-60 minutes at
room temperature. Following washing with fresh isolation medium, fluo-loaded myocytes
were transferred to the recording chamber and superfused with normal Tyrode solution
supplemented with 500 uM probenecid (Sigma) to inhibit dye export [29]. Myocytes were then
field stimulated and the superfusion solution was changed as described above. Emitted
fluorescence was captured with a photomultiplier tube (lonOptix).

Electrophysiological Recordings

Whole-cell current- and voltage-clamp recordings were obtained from myocytes isolated from
the left ventricular apex (LVA) of adult mouse hearts. Current- and voltage-clamp recordings
were obtained from cells within 12 hr of isolation using a Dagan 3900A (Dagan Corporation)
whole-cell patch clamp amplifier, interfaced to a Digidata 1332A A/D converter (Molecular
Devices) with the pClamp (version 9.2, Molecular Devices) software package. For action
potential recording, the bath solution contained (in mM): 136 NaCl, 4 KCI, 2 MgCl», 1
CaCly, 10 HEPES and 10 glucose (pH 7.4; 300 mOsm). For recordings of voltage-gated K*
(Kv) currents, clamp experiments, the bath solution also contained 20 uM Tetrodotoxin (TTX)
and 0.5 mM CdCl; to block voltage-gated Na* and Ca2* currents, respectively. Recording
pipettes routinely contained (in mM): 135 KCI, 5 Ko,ATP, 10 EGTA, 10 HEPES and 5 glucose
(pH 7.2; 310 mOsm). In some experiments, Cs* and tetraethylammonium (TEA) were used
(in place of the K*) in the recording pipettes to block outward K* currents; in this case, the
pipette solution contained (in mM): 15 NaCl, 100 CsCl, 30 TEA-CI, 5 MgATP, 10 EGTA, 10
HEPES and 5 glucose (pH 7.2; 310 mOsm). Pipette resistances were 1.5-3 MQ when filled
with either recording solution.

After formation of a giga-seal (>1GQ), the whole-cell configuration was established and
whole-cell membrane capacitances (C,,) and input resistances were measured in each cell in
response to brief £10 mV voltage steps from a holding potential (HP) of =70 mV. C,,, and series
resistances were electronically compensated by ~85%. Current amplitudes were always <10
nA and voltage errors resulting from the uncompensated series resistances were always <9 mV
and were not corrected. Leak currents were <50 pA and were also not corrected. Data were
acquired at 10 or 100 KHz and signals were low-pass filtered at 5 kHz before digitization and
storage.

In the current-clamp mode, action potentials were evoked by brief (4 ms) current (~800 pA)
injections at 15 s intervals. In the voltage-clamp experiments, depolarization-activated outward
K* (Kv) currents, evoked in response to 4.5 s voltage steps to test potentials between —60 and
+40 mV from a holding potential (HP) of =70 mV, were recorded; voltage steps were presented
in 10 mV increments at 15 s intervals. In experiments focused on determining the time-course
of palmitate-mediated effects, Kv currents, evoked in response to 4.5s depolarizing voltage
steps to +40 mV from the HP of =70 mV, presented at 15 s intervals, were recorded. Inwardly
rectifying K* currents (Ix1), evoked during 4.5 s voltage steps to test potentials between —90
and —120 mV from the same HP, were also recorded in some experiments.

A manual multimanifold superfusion system was used to apply the palmitate:BSA and DPO-1
(K* channel blocker) containing solutions to single myocytes during electrophysiological
recordings. Solutions were superfused at ~0.2 ml/min and the distance between the tip of the
superfusion pipette (ID: 0.008”) and the cell was kept to an absolute minimum to ensure that
the onset and offset of each application was rapid and that the applications were local and
constant.
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Data Analyses

Intracellular Ca?* measurements were analyzed using lonWizard, Clampfit, GraphPad, and
Microsoft Excel and results are presented as means + SEM (standard error of the means). The
statistical significance of differences between groups was assessed using the Student’s t test
and P values are presented in the text and in the Figures; n values provided represent the
numbers of cells examined.

Electrophysiological data were compiled and analyzed using Clampfit 9.2 (Axon Instruments)
and GraphPad (Prism) software. Integration of the capacitative transients recorded during brief
+10 mV voltage steps from the HP (—70 mV) allowed determination of whole-cell membrane
capacitances (Cr,). Current amplitudes were normalized to the cell capacitance and currents
densities (pA/pF) are reported. Resting membrane potentials (Vy,), action potential amplitudes
(APA), and action potential durations at 20% (APDyq), 50% (APDs5p) and 90% (APDgg)
repolarization were measured directly from the action potential waveforms using Clampfit 9.2.
Peak Kv currents at each test potential (Ipeak) were defined as the maximal outward Kv currents
recorded during the 4.5 s voltage steps. Steady-state outward Kv currents (lss) were measured
directly as the currents remaining at the end of 4.5s voltage steps. The decay phases of the
outward Kv currents recorded during the 4.5s voltage steps were also fitted by a biexponential
function (y(t)=Al(exp(—t/t1)+A2(exp(—t/t2)+B) to provide the amplitudes of Iy 1, Ik siow and
Iss and the time constants of Iy, £ and Ik siow decay [23,30]. Ixq amplitudes at =120 mV were
measured at the peak of the inward currents. The 1Cgq and Hill coefficients (ny) for DPO-1-
mediated effects on Kv currents were obtained from fits of the normalized current amplitudes,
plotted as a function of the log of the DPO-1 concentration [DPO-1] %Change = 1/[1+
([DPO-1]/1C5s0)"H], as described previously [28].

Electrophysiological data are also presented as means + S.E.M. Statistical differences in
measured parameters were evaluated using paired (compared in the same cell) or unpaired (for
comparisons of mean values) two-tailed Student’s t test; P (presented in the text and Figures)
values of <0.05 were considered significant.

RESULTS

Palmitate Inhibits Ventricular Myocyte Contractility

Although it has been suggested that increases in circulating saturated fatty acids contribute to
the development of diabetic cardiomyopathy [7,8], the effects of elevated free fatty acids on
myocardial cell functioning have not been widely studied and remain poorly understood. To
explore this question, the effects of acute exposure to palmitate on contractile function of field-
stimulated, isolated wild-type (WT) adult mouse ventricular myocytes were assessed.
Exposure to (75 pM) palmitate, complexed to (150 uM) BSA, as described in Materials and
Methods, significantly (P < 0.001) reduced unloaded fractional cell shortening in WT
ventricular myocytes from a mean (x SEM; n = 28) of 7.8 + 0.9% to 3.6 + 0 4% (Figure 1A
and B). In contrast, BSA alone (150 pM) had no effect on cell contraction (Figure 1A). Steady-
state unloaded cell shortening was also observed to vary as a function of the total fatty acid
concentration (Figure 1D) in the superfusion solution, i.e., in solutions made by changing both
the palmitate and BSA concentrations in parallel while maintaining a constant palmitate:BSA
ratio of 1:2 (see Discussion).

Previous studies have demonstrated that prolonged (20 minute pre-incubation) exposures to
palmitate also result in marked decreases in cell contractility and that this reflects decreased
intracellular Ca2* concentration [31]. To determine whether a similar mechanism underlies the
negative inotropic effect of palmitate:BSA applied acutely, intracellular Ca2* transients were
examined in field stimulated myocytes loaded with the Ca2*-indicator, Fluo-4 (see Materials

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 February 1.
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and Methods). Consistent with the observed effect on contraction (Figure 1), exposure to
palmitate:BSA resulted in a rapid decrease in the amplitudes of intracellular Ca2* transients
(Figure 2), with no effect on the rates of rise or decay (Ca2* removal) of the transients (Figure
2). Taken together, these results suggest that acute exposure to palmitate specifically attenuated
myocardial contractility by reducing the intracellular Ca2* transient, likely reflecting reduced
Ca?* influx and/or reduced release of CaZ* from intracellular stores.

Palmitate Reduces Sarcolemmal Excitability by Increasing Voltage-gated K* Currents

The rate of decline of the CaZ* transients in WT mouse ventricular myocytes is largely
dependent on the functioning of the sarcoplasmic reticulum ATPase, SERCA [32]. The lack
of any measurable effects of palmitate:BSA on the kinetics of the ventricular Ca2* transients
in the experiments described above (Figure 2), therefore, suggests that the functioning of the
sarcoplasmic reticulum is not measurably affected by acute exposures to elevated
palmitate:BSA. In addition, these observations further suggested that palmitate:BSA may
affect sarcolemmal membrane excitability. To examine this possibility directly, whole-cell
action potentials were measured in myocytes isolated from the left ventricular apex (LVA) of
WT adult mice before, during, and after exposure to palmitate:BSA. As shown in Figure 3,
acute applications of palmitate:BSA (Materials and Methods) rapidly and reversibly
shortened ventricular action potential durations. The mean + SEM action potential duration at
50% repolarization (APDsg), for example, was reduced significantly (P < 0.05) from 5.6 + 1.3
msec to 3.2 £ 0.5 msec in the presence of palmitate:BSA, whereas resting membrane potentials
and action potential amplitudes (Figures 3A and 3B) were not measurably affected. In addition,
action potentials were measured in experiments in which Cs* and tetraethylammonium
(TEA*) were used in the intracellular pipette solution in place of the normal K* to block
outward K* currents. Under these conditions, action potential waveforms were unaffected by
palmitate:BSA (Figure 3A, inset), suggesting that the observed effects of palmitate:BSA on
ventricular action potential durations likely reflect the modulation of repolarizing, outward
K* currents.

To examine directly the electrophysiological changes underlying action potential shortening,
whole cell voltage-clamp recordings were obtained from isolated WT hearts myocytes (as
described in Materials and Methods). Recording conditions were optimized to allow the
measurement of either 1) repolarizing K* currents, evoked in response to 4.5s voltage steps to
test potentials between —60 to +40 mV from a holding potential (HP) of =70 mV (with 20 uM
TTX and 0.5 mM Cd?* in the bath to block inward Na* and Ca2* currents, respectively); or,
2) L-type Ca?* currents, evoked by 200 msec voltage steps to test potentials between —40 to
+50 mV from a holding potential (HP) of —40 mV to inactivate any residual, contaminating
voltage-dependent Na* currents (not blocked by the TTX in the bath). These experiments
revealed that application of palmitate:BSA resulted in rapid increases in the amplitudes of the
peak and the steady state outward Kv currents (Figure 4A). Although Kv current amplitudes
were increased, neither the time- nor the voltage-dependent properties of Iy f or Ik siow Were
measurably affected by palmitate:BSA. In contrast, palmitate:BSA did not measurably affect
the amplitudes (densities) of the inward rectifying K* current (1X1; see Table 1) or L-type
Ca?* current (Figure 4B), indicating a specific effect of palmitate:BSA on Kv channels. Taken
together, these results indicate that acute exposure to elevated palmitate:BSA disrupts
excitation-contraction coupling in ventricular myocytes by increasing repolarizing Kv currents
and shortening action potential durations.

Kv1.5- and Kv2.1-Encoded Ik sjow Channels are Molecular Targets of Palmitate

The decay phases of the Kv currents in WT adult mouse left ventricular myocytes are best
described by the sum of two exponentials, reflecting the co-expression of two inactivating Kv
current components, Iy s and I sjow, With markedly different inactivation kinetics [23,30].

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 February 1.
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Analysis of the voltage clamp data revealed that the relative increase in I sjow and Isg
amplitudes in the presence of palmitate:BSA was much larger (38 = 4%, and 35 + 4%,
respectively) than the effect on Iy, £ amplitude (11 + 2%), suggesting that the individual Kv
current components are differentially affected by palmitate:BSA. Two molecularly distinct
components, encoded by the Kv1.5 and Kv2.1 pore-forming subunits, comprise mouse
ventricular Ik sjow (now referred to as Ik sjow1 and Ik siow2) [22,23,33,34]. Interestingly, it has
previously been reported that acute exposure to elevated fatty acids affects the amplitude of
heterologously expressed Kv1.5 currents [35-37], suggesting that Kv1.5-encoded Ik sjow1
channels in mouse ventricular myocytes may be uniquely sensitive to palmitate:BSA. To
explore this hypothesis directly, the effects of palmitate:BSA on Kv currents in LVA myocytes
isolated from (SWAP) mice, in which the KCNAS5 (Kv1.5) locus has been replaced by
KCNAL (Kv1.1) [22], were examined.

Previous studies have shown that Ik sjow1, the component of lksjow that is sensitive to uM
concentrations of the Kv channel blocker 4-aminopyridine [38,39], is eliminated in SWAP LV
myocytes [22]. The residual lkgjow current, lxsiowz, in SWAP myocytes is encoded by Kv2.1
and is TEA-sensitive [32]. As illustrated in Figures 5A-C, exposure of isolated SWAP LVA
myocytes to palmitate:BSA also results in increased Isow amplitudes, although the magnitude
of the palmitate-induced current increase is measurably (~ 50%) smaller (19 £ 3%) than
observed in WT (38 £ 4%) myocytes (Table 1). The simplest interpretation of these results is
that, although the Kv1.5-encoded lksjow1 Channels are an important molecular target of
palmitate:BSA, the Kv2.1-encoded Iksiow2 channels are also affected. Consistent with this
suggestion, further experiments revealed that exposure to palmitate:BSA (Figures 5A-C) also
markedly increased lxgjow density in LVA myocytes isolated from mice (Kv2.17/7) harboring
atargeted disruption of the KCNB1 locus (W. Wang, N. Niwa and J.M. Nerbonne, unpublished
observations). The magnitude of the increase in Ixgjow in Kv2.17/~ LVA myocytes (28 + 4%)
is larger than in SWAP LVA myocytes (Table 1) and is approximately 75% of the magnitude
of the current enhancement (38 + 4%) observed in WT LVA myocytes (Table 1). In addition,
the effect of palmitate:BSA on myocyte contractility (Figure 5D) mirrors the effect on
Ikslow, indicating that palmitate:BSA modulates excitation-contraction coupling, in part by
increasing the amplitudes of both Kv1.5- and Kv2.1-encoded components of Iksjow-

Inhibition of Voltage-Gated K* Channels Attenuates the Effects of Palmitate

To explore this relationship further, the effect of palmitate:BSA was examined in the presence
of DPO-1, a previously described, reportedly selective inhibitor of Kv1.5 channels [28]. As
expected, DPO-1 markedly inhibited Ik sjow in WT myocytes and, in addition, substantially
attenuated the increase in Ik sjow amplitude caused by palmitate:BSA that was normally
observed in the absence of DPO-1 (Figure 6A). It should also be noted that, in addition to
inhibiting Ik sjow by 100%, DPO-1 also reduced Iy, £ and Iss amplitudes (Figure 6B) but to a
lesser extent, demonstrating that although DPO-1 may be a selective blocker of Kv1.5-encoded
Kv channels, it is not specific for Kv1.5 channels. In the presence of 1 uM DPO-1 the negative
inotropic effect of palmitate:BSA was significantly (P < 0.01) attenuated, but not abolished.
Because not all components of repolarizing Kv current are blocked by DPO-1, the small
residual effect of palmitate:BSA on contraction is likely the consequence of effects on Iy, ¢ and/
or lgs. Taken together, these results are consistent with the conclusion that repolarizing
Ikslow IS a target of palmitate:BSA in ventricular myocytes and are central in mediating the
observed negative inotropic effects (of palmitate:BSA).

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 February 1.
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Discussion

Palmitate-Dependent Attenuation of Excitation-Contraction Coupling

The objective of the present study was to examine the acute effects of palmitate on the
mechanical and electrical function of ventricular cardiomyocytes. The results demonstrate that
acute exposure to palmitate (complexed to BSA) transiently and reversibly inhibits myocardial
contractility by reducing the Ca* transient amplitude. Interestingly, another recent study,
focused on examining the responses of isolated ventricular myocytes to longer-term (20
minutes) applications of palmitate, also reported negative inotropic effects [40], consistent with
the experimental observations here. The present data further demonstrate that palmitate:BSA
inhibits contractility through effects on sarcolemmal membrane excitability and resulting
changes in excitation-contraction coupling. Voltage-clamp recordings revealed that L-type
Ca?* currents are unaffected by palmitate:BSA, whereas voltage-dependent outward K*
currents are increased significantly on acute exposures to palmitate:BSA, resulting in action
potential shortening. The augmentation of repolarizing K* currents and the attenuation of
action potential durations lead to reductions in voltage-dependent Ca?* influx (and Ca?*-
dependent release of Ca2* from intracellular stores) and to decreased myocyte contractility.

It is well established that nearly all of the non-esterified fatty acid in serum is bound to lipid
carrying proteins, including albumin [41]. This situation was mimicked in the experiments here
by examining the effects of palmitate complexed to BSA at a constant 1:2 molar ratio. At a
fixed ratio, regardless of the absolute amounts of palmitate and BSA, the same final unbound
palmitate concentration of 42 nM is predicted [25]. Despite this, a marked “concentration-
dependent” effect of palmitate:BSA on contractility was observed (Figure 1D). That is, when
both palmitate and BSA were increased, maintaining a fixed molar ratio (and the same
calculated free palmitate concentration), contractility was inhibited to a greater degree. These
observations could be interpreted as suggesting that BSA alone inhibits contraction. Control
experiments revealed, however, that in the absence of palmitate, BSA has no measurable effects
on either contractility or membrane excitability (Figure 1, Table 1). It can be inferred, then, that
the free palmitate is not solely determined by the BSA:palmitate ratio and/or that BSA affects
the manner in which palmitate is imported into the cell. Indeed, previous studies demonstrated
that the rate of palmitate uptake increases as a function of the total palmitate concentration at
a fixed palmitate:BSA molar ratio, observations consistent with the results presented here
[41]. In the same study, it was also demonstrated that the rate of palmitate uptake is dependent
on rapid intracellular metabolism such that most of the imported palmitate is rapidly
metabolized [41]. These findings further suggest that the bioactive lipid in the studies described
here might not be palmitate per se, but rather a metabolic intermediate. Further studies, using
alternative experimental approaches, would be required to explore this hypothesis directly.
Regardless, the data presented here demonstrate that acute exposure to palmitate, whether
acting directly or indirectly (by functioning as a metabolic precursor), increases Kv current
density and inhibits myocyte contraction.

Metabolic sensitivity of Kv channels

The results of the present studies support the conclusion that the negative inotropic effects of
palmitate:BSA result from increased Kv currents. Accordingly, when Kv currents are reduced,
using either pharmacological blockers (such as DPO-1) or homologous recombination (SWAP
or Kv2.17/~ mice) to reduce the densities of functional Kv channels selectively, the effects of
palmitate on Kv currents and on contractility are markedly attenuated in parallel. In previous
studies, focused on examining the effects of palmitate on myocyte contractility and intracellular
Ca?* signals, Fauconnier and colleagues reported that the negative inotropic effects of
palmitate were reversed by N-acetyl cysteine, suggesting a possible role for reactive oxygen
species [40]. These observations further suggest that the uptake and metabolism of palmitate

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Haim et al.

Page 9

are necessary for the observed functional effects and, in addition, that the effects of palmitate
on Kv channels reflect an intracellular site of action. Interestingly, in the experiments here,
palmitate:BSA application increased Kv current densities without measurably affecting the
time- and/or voltage-dependent properties of the currents. This finding is reminiscent of the
reported increase in the amplitudes of the 4-aminopyridine-sensitive Kv currents, without
measurable effects on the time- and/or voltage-dependent properties of the currents, in canine
coronary smooth muscle in response to H,O5 [42]. Similarly, an H,O,-dependent
hyperpolarization of Aplysia sensory neurons has been shown to be blocked by TEA, indicating
Kv channel involvement [43]. In addition, H,O5 also reportedly increased recombinant Kv1.5
channels expressed in a mammalian cell line, although in these experiments, the voltage-
dependent properties of the currents were also affected [44]. Other previous studies have
demonstrated Kv current inhibition in response to reactive oxygen species [45]. Interestingly,
the Kv channel accessory subunit, Kvp1, has recently been shown to be a catalytically active
member of the aldo-keto reductase family of proteins [46,47]. Taken together, these
observations suggest the interesting possibility that KvB1 might function to modulate Kv
channel activity in response to redox state and/or to changes in NADP+/NADPH ratios, i.e.,
Kvp1 subunits may function to confer metabolic sensitivity on Kv channels.

Elevated Fatty Acids and Augmentation of Kv Currents

There have been surprisingly few studies that have examined the physiological effects of excess
palmitate under conditions in which metabolism is not also inhibited by hypoxia or ischemia.
The action potential shortening observed in the present study mirrors results obtained by others
in whole tissue preparations. Palmitate (0.84 or 1.3 mM, complexed to 2% BSA), for example,
has been shown to cause action potential shortening in papillary muscle [48]. Similarly,
Willebrands and colleagues reported that perfusion of the isolated rat heart with palmitate (1-
3 mM, complexed with 0.66 mM BSA) induced arrhythmias and reduced contractility in
agreement with the present data [49]. In addition, previous electrophysiological studies on
metabolically compromised tissues (e.g. hypoxia, low-flow ischemia) in a number of species
have shown, similar to the present study, that palmitate shortens action potential durations and
reduces contractility.

To our knowledge, there have been no previously described studies that have specifically
examined the effects of palmitate on the functional expression of myocardial Kv currents. The
increases in Kv current densities observed here could reflect increased targeting of assembled
channels to the sarcolemmal membrane or, perhaps, to lipid rafts. Recent studies indicate that
palmitoylation of Kv1.5 may be important for channel trafficking and localization [50,51]. The
present data neither support nor refute the notion that such a mechanism occurs in cardiac
myocytes; however, the acute and reversible nature of the observed increases in voltage-
dependent K* currents is inconsistent with the observation that palmitoylation occurs on newly
synthesized protein [50].

In contrast to the negative inotropic effects of the saturated fatty acid palmitate presented in
this study, polyunsaturated fatty acids have been reported to have cardioprotective and
antiarrhythmic effects. In addition, both polyunsaturated fish oils (-3 fatty acids) and linoleic
acid (polyunsaturated w-6 fatty acid) have been shown to block Kv1.5 channels [35,37], effects
that would also lead to action potential prolongation. The effects of linoleic acid, however,
may be complex, as other studies suggest that linoleic acid both inhibits and activates Kv1.5-
(as well as Kv2.1-) encoded myocardial Kv channels [36].

Lipid Homeostasis and Cardiac Diseas

Derangement of both cardiac and systemic lipid homeostasis is a key feature of diabetes
mellitus [9,52]. The hypothesis driving the studies described here was that elevated systemic
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free fatty acid concentrations in individuals with diabetes impair cardiac contractile function.
The experiments revealed a negative inotropic effect of acute fatty acid application that is
consistent with this notion. In recent previous studies, we have shown that increased cardiac-
specific storage and usage of lipids, driven by the overexpression of FATP1 in the heart
specifically impairs diastolic function [10,11], recapitulating an early onset feature of the
disease. In comparison, the negative inotropic effect of palmitate observed in the present study
is consistent with a potentially causative (and direct) role for systemic lipid derangements in
systolic dysfunction observed in diabetic cardiomyopathy. By augmenting Kv currents,
palmitate: BSA shortens action potential durations, inhibits excitation-contraction coupling
and impairs systolic myocyte function.

It is also important to emphasize that the focus of this study was on exploring the short term
effects on excitation-contraction coupling of exposure to elevated extracellular palmitate and
the underlying cellular mechanisms involved in mediating these effects. These experiments
revealed that the observed alterations in contractility reflect palmitate-induced augmentation
of repolarizing Kv currents. The applicability of the results obtained in the experiments here
to those produced by chronic elevations in free fatty acid concentrations remains to be
determined. Long-term exposures to elevated free fatty acids in vivo might well lead to
compensatory responses, such as remodeling of I, [24] or of contractile filaments [11], thereby
ameliorating some of the observed (acute) effects on Kv currents and/or on contractility
directly. The present study was limited to exploring the acute effects of palmitate on mouse
ventricular myocytes, primarily because genetic manipulations can be made readily in the
mouse, thereby facilitating mechanistic studies. Importantly, the experiments here revealed
that acute exposure to elevated palmitate results in the remodeling of repolarizing Kv channels.
In larger mammals, a repertoire of repolarizing Kv currents that are likely to be similarly
affected by palmitate is also expressed. This hypothesis warrants critical testing. Finally, the
action potential shortening observed in these experiments might be expected to shorten QT
intervals. Conversely, QT prolongation (not shortening) is often observed in patients with
Type 1, as well as Type 2, Diabetes [53,54]. This apparent discordance could again reflect
compensatory responses in vivo or perhaps alterations in the functioning of the autonomic
nervous system [55], neither of which was a factor in this study.

It should also be pointed out that derangements in lipid metabolism are not limited to diabetes,
and acute elevations of circulating fatty acids can be triggered during myocardial ischemia
[56]. The experimental paradigm that we have used may actually be more applicable to this
situation, where there is a surge of fatty acid release into the blood. Interestingly, there is
substantial evidence that increased circulating free fatty acid levels are correlated with
arrhythmia incidence in the ischemic heart [57,58]. The sequelae of myocardial ischemia are
obviously complex, involving metabolism, neuro-hormonal signaling, and hemodynamic
changes. Even given these complexities, the present data suggest that palmitate-induced action
potential shortening could facilitate the development of re-entrant tachycardias during and
immediately following acute myocardial ischemia.

Conclusions

There is mounting evidence that cardiac metabolism and disease are intimately related. In this
regard, altered energy metabolism is a prominent feature of, and in some instances may cause,
heart failure [1,2]. The results of the studies detailed here demonstrate the importance of lipid
metabolism in cardiac electrical and mechanical functioning. Acute exposure to elevated
palmitate complexed to BSA disrupts excitation contraction coupling and impairs myocardial
contractility. As such, elevations in circulating saturated fatty acids, such as those that may
occur in diabetes mellitus or myocardial ischemia, can potentially have an immediate, as well
as a long-term, impact on both electrical and contractile function of the heart.
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Figure 1.

Palmitate alters sarcomere mechanics in a concentration-dependent manner. (A)
Representative recordings of sarcomere shortening in adult (wild type mouse) ventricular
myocytes recorded stimulated at 1Hz and during superfusion with control Tyrode solution or
Tyrode solution containing BSA (top panel) or palmitate: BSA (lower panel). (B) Single
contraction record obtained from the experiment in (A) during exposure to control Tyrode and
to palmitate:BSA, immediately prior to washout. (C) Although BSA has no measurable effects
on contractility, exposure to palmitate:BSA significantly (P < 0.05; paired t-test),reduced mean
+ SEM (n = 28) fractional shortening in a concentration-dependent manner (D). *Values are
significantly (P < 0.05) different from controls.

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Haim et al.

A

Fluorescence (a.u.)

4007

300+

200

100-

4005

300 -

200+

100-

Page 15

Falmitate:BSA

Control

A0 s
25 D.
1.5+ 150~
Control -|- E ’E

1.4- % 2

Palmitate' BSA B 100
o 1.3 2
% ol
T 2
1.2 m

£ 504
o
~ 1.1- b
E
._

oy |
200 ms - N - o
& &
& & & &
o 4 AP
& N
"4 <2
Figure 2.

Palmitate reduces intracellular Ca2* transients. (A) Representative calcium transients recorded
in WT adult mouse ventricular myocytes stimulated at 20V and 1Hz during bath perfusion of
control Tyrode solution or Tyrode solution containing palmitate:BSA. (B) Average Ca®*
transient data obtained from the experiment in (A) during control Tyrode and palmitate:BSA
applications. (C) The mean = SEM (n = 12) peak height of the calcium transient (F/Fg) was
reduced significantly (* P < 0.05, paired t-test).by palmitate:BSA, whereas the time course of
Ca?* removal from the cytosol (D) was unaffected.
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Palmitate shortens action potential durations in WT adult mouse left ventricular apex (LVA)
myocytes. (A) Representative whole-cell action potentials, evoked by brief (4 ms)
suprathreshold current injections, presented at 15s intervals, recorded before (black), during
(dotted red) and following (blue) washout of palmitate:BSA (30 pM:60 pM) solution. Dotted
horizontal lines indicate the 0 voltage levels. The action potential shown in the inset (labeled
with Cs*;) was recorded from a WT LVA myocyte with Cs* and TEA in the pipette solution
in place of the normal K* solution (to block outward K* currents). (B) Mean = SEM resting
membrane potentials and action potential amplitudes in recordings obtained with normal
(n=18) intracellular K* and with K*-free (n=14) pipette solutions are not measurably affected
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by application of palmitate:BSA. Mean + SEM action potential durations at 20% (APDyg), at
50% (APDsp) and at 90% (APDgg) repolarization recorded with normal (n=18) K*-containing
pipette solution, however, are significantly (*P<0.05, **P<0.01 versus control; paired t test)
reduced following exposure to palmitate:BSA. With Cs* in the recording pipettes (inset) to
block outward K* currents, in contrast, mean £ SEM (n=14) APD,q, APDsgq and APDgyq values
in LVA myocytes are not measurably affected by palmitate:BSA.
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Figure 4.

Palmitate augments repolarizing, voltage-gated K* (Kv) currents, but does not affect voltage-
gated Ca2* currents, in WT LVA myocytes. (A) Representative whole-cell voltage-gated K*
(Kv) currents, recorded in response to a series of 4.5s voltage steps (to test potentials ranging
from —60 to +40 mV) from a holding potential of =70 mV are displayed; voltage steps were
presented in 10 mV increments at 15s intervals. Outward Kv currents were increased on
superfusion of bath solution containing palmitate:BSA (30 uM:60 uM); the palmitate-sensitive
currents were obtained by subtraction of the currents recorded in the presence of palmitate
from those recorded before application of palmitate (in the same cell). (B) Representative
whole-cell voltage-gated Ca2* currents, recorded in response to 250 ms voltage steps from a
holding potential of =70 mV to test potentials between —40 and +50 mV are displayed; voltage
steps were presented in 10 mV increments at 15s intervals. Inward Ca?* currents were
unaffected by superfusion of bath solutions containing palmitate:BSA (30 uM:60 uM); Mean
+ SEM Ca?* current amplitudes (n=14) in control and palmitate:BSA, plotted as a function of
test potential, are indistinguishable.
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Figure 5.

Selective loss of Ik siow in SWAP and Kv2.1-/— ventricular myocytes reduces palmitate-
sensitive K* currents. (A) Outward K* currents, evoked in response to 4.5 s voltage steps from
a holding potential of =70 mV to +40 mV at 15 s intervals, were recorded from WT, SWAP
and Kv2.1-/- LVA myocytes under control conditions (a) and following superfusion of
palmitate:BSA (30 uM:60 uM)(b). The amplitudes of the outward K* currents in LVA
myocytes isolated from WT, SWAP and Kv2.1-/— mice were increased on application of
palmitate:BSA The palmitate-sensitive currents (a—b) were obtained by off-line digital
subtraction of the currents recorded in palmitate:BSA (b) from the control (a) records in the
same cell. (B) Comparison of the waveforms of the palmitate-sensitive K* currents in WT
(black), SWAP (red) and Kv2.1—/— (blue) LVA myocytes. The mean + SEM densities of the
palmitate-sensitive outward K* currents (C) and the palmitate dependent decrease in fractional
shortening (D) are significantly (**P<0.01) lower in SWAP and in Kv2.1-/—, than in WT,
LVA myocytes.
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Figure 6.

Pharmacological inhibition of Ik o by DPO-1 occludes the effects of palmitate on ventricular
Kv currents and fractional shortening. (A) Representative Kv current recordings from a WT
myocyte in response to depolarizing voltage steps to +40 mV from a holding potential of —70
mV, presented at 15 s intervals; currents recorded during superfusion of control solution
(black), palmitate:BSA (30 uM:60 uM) (red) and following washout (blue) are displayed.

Ik slow Was reversibly increased by palmitate. Inset: Ik sjow amplitude (normalized to control)
is plotted as a function of time during the application and washout of palmitate:BSA. (B)
Representative Kv currents recorded from a WT myocyte in response to depolarizing voltage
steps +40 mV as described in (A) in control bath solution (black), following superfusion of
100 nM DPO-1 (green) or 100 nM DPO-1 plus palmitate:BSA (30 uM:60 uM) (red) and after
washout (blue), are displayed. The addition of palmitate:BSA in the presence of DPO-1 does
not measurably affect the amplitudes or the waveforms of the Kv currents. Inset: Ik siow
amplitude (normalized to control) is plotted as a function of time during the application and
washout of DPO-1 and DPO-1 plus palmitate:BSA. (C) Analyses of the Kv currents revealed
that, in addition to inhibiting of lkgow, DPO-1 also attenuates the amplitudes of the transient
(lto,) and steady state (lss) Kv currents in adult mouse LVA myocytes in a dose-dependent
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manner. Outward Kv currents were recorded as described in the legend to Figure 4 in the
presence and absence of varying concentrations of DPO-1. In each cell, the amplitudes of the
individual Kv current components (lio , Iksiow @nd lss) were determined (see Materials and
Methods), normalized to the maximal current amplitude )in the same cell at each DPO-1
concentration; mean +SEM normalized values for Iy, £, Iksiow and Iss are plotted as a function
of DPO-1 concentration. (D) Representative single contraction record obtained from an adult
WT LVA myocyte in the presence of 100 Nm DPO-1 during superfusion with control Tyrode
solution containing 100 nM DPO-1 alone or 100 nM DPO-1 plus palmitate:BSA (30 pM:60
pUM). In the presence of 100 nM DPO-1, the mean + SEM decrease in fractional shortening
produced by palmitate:BSA was reduced significantly (**P<0.01).
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