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The sodium-calcium exchanger (NCX) is a critical media-
tor of calcium homeostasis. In the heart, NCX1 pre-
dominantly operates in forward mode to extrude Ca®*;
however, reverse-mode NCX1 activity during ischemia/
reperfusion (IR) contributes to Ca** loading and electrical
and contractile dysfunction. IR injury has also been asso-
ciated with altered fat metabolism and accumulation of
long-chain acyl CoA esters. Here, we show that acyl CoAs
are novel, endogenous activators of reverse-mode NCX1
activity, exhibiting chain length and saturation depen-
dence, with longer chain saturated acyl moieties being
the most effective NCX1 activators. These results implicate
dietary fat composition as a plausible determinant of
IR injury. We further show that acyl CoAs may inter-
act directly with the XIP (exchanger inhibitory peptide)
sequence, a known region of anionic lipid modulation,
to dynamically regulate NCX1 activity and Ca*>* homeo-
stasis. Additionally, our findings have broad implications
for the coupling of Ca>" homeostasis to fat metabolism
in a variety of tissues.
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Introduction

Sodium-calcium exchangers (NCX) are a class of membrane
proteins intimately involved in the regulation of intracellular
Ca’* homeostasis, playing key roles in diverse signaling
pathways in a variety of cell types. In the heart, the
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NCX1 isoform is a critical modulator of cardiomyocyte
Ca’* cycling, typically operating in forward mode to
extrude one Ca®* ion for 3-4 Na™ ions (Dong et al, 2002;
Hinata and Kimura, 2004) and generating an inward Na™
current that contributes to the plateau phase of the action
potential (Weber et al, 2002). In addition to regulating
physiological Ca®" levels, alterations in the ionic, electrical
and metabolic milieu that accompany cardiac pathologies
such as ischemia/reperfusion (IR) injury (Schafer et al, 2001)
and heart failure (Piacentino et al, 2002; Schillinger et al,
2003) promote reverse-mode NCX1 activity, leading to
calcium overload and electrical dysfunction (Tani, 1990). In
this regard, there is much interest in developing pharmaco-
logical inhibitors of reverse-mode NCX1 (Hobai and
O’Rourke, 2004).

While much is known about the molecular biology and
biophysics of NCX1, the intrinsic regulation of both forward-
and reverse-mode NCX1 activity by endogenous signaling
and metabolic pathways that may be altered in physiological
and pathophysiological conditions has not been fully charac-
terized. Identification of these regulatory processes may
therefore provide valuable insights into the cellular mechan-
isms by which NCX1 is modulated in health and disease in
a variety of tissues. One key area of interest is the role of
lipids and lipid metabolism in regulating ionic homeostasis
via modulation of ion channels and exchangers. Lipid-con-
taining moieties such as the anionic phosphatidylinositol 4,
S-bisphosphate (PIP,) are capable of increasing reverse-mode
NCX1 activity by reducing Na*-dependent (I;) inactivation,
leading to a net increase in Ca®*" influx (Hilgemann and
Ball, 1996; He et al, 2000). Interestingly, intracellular levels
of anionic long-chain fatty acyl CoA esters (acyl CoAs) are
increased in exercise (Goodwin and Taegtmeyer, 2000), ische-
mia (Whitmer et al, 1978), hypertrophy (Finck et al, 2003)
and the failing heart (Sharma et al, 2004) owing to changes
in metabolic enzyme activity, substrate preference and
oxygen supply. Like PIP,, acyl CoAs also possess a nega-
tively charged head group (CoA) and a hydrophobic tail. Our
group and others have shown that acyl CoAs are potent
activators of ATP-sensitive potassium (Kapp) channels
(Larsson et al, 1996; Riedel et al, 2003; Branstrom et al,
2004) and that acyl CoAs and PIP, may share a common
mechanism of action (Schulze et al, 2003) via interaction
with common positively charged residues in the Krp channel
(Manning Fox et al, 2004). Furthermore, we have shown that
alterations in the side-chain length and degree of saturation
of the acyl tail greatly affect the efficacy and persistence
of Karp channel activation by acyl CoAs (Riedel and Light,
2005).

Therefore, we sought to determine (1) the effects of
physiological levels of common acyl CoAs on recombinant
and native NCX1 activity and (2) the effects of intracellular
acyl CoA elevation on NCX1-mediated Ca’* overload in
an intact cardiomyocyte model. Our findings provide the
first direct evidence linking altered fat metabolism and
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lipotoxicity to NCX1 activity and have broad implications for
our current understanding of NCX1 regulation and function
in a variety of tissues.

Results

Reverse-mode NCX1 activity is increased by acyl CoAs
Previous measurements of electrogenic NCX1 currents have
relied on either whole-cell (O’Rourke et al, 1999; Maack et al,
2005) or giant excised patch clamp techniques (Hilgemann,
1990; Matsuoka et al, 1997). Here we show that NCX1 current
can be routinely measured using the conventional excised
inside-out patch technique with minor modifications. Adeno-
viral infection of tsA201 cells with AdVNCX1 resulted in a
>75% infection efficiency and excised inside-out membrane
patches yielded average peak currents of 12.9+4+1.1pA.
Reverse-mode NCX1 activity displayed a characteristic
rapidly developed peak current followed by a slow Na™-
dependent (I;) inactivation to a steady-state level that
stabilized at 254+2.2% of the peak current (Figure 1Ai;
Hilgemann, 1990). NCX1 currents were sensitive to the
NCX inhibitors NiCl, (5mM) and KB-R7943 (5uM), which
resulted in a 91.1+2.6 and 84.3+4.9% inhibition of total
current, respectively, but were not inhibited by the selective
L-type Ca?* channel blocker nifedipine (Figure 1B).

The process of intracellular Na*-induced I; inactivation
(Hilgemann, 1990) is critically regulated by the 20-amino-
acid exchanger inhibitory peptide (XIP) sequence in the
cytosolic portion of NCX1, with mutations throughout
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the XIP region dramatically altering inactivation properties
(Matsuoka et al, 1997). In addition, PIP, has been shown to
inhibit the transition of the active exchanger into its I;
inactive state (He et al, 2000) thereby increasing reverse-
mode activity. PIP, also influences the activity of a number of
ion channels (Suh and Hille, 2005) and in some cases shares a
common mechanism of action with acyl CoAs (Schulze et al,
2003; Manning Fox et al, 2004). In this study, we investigated
the effects of acyl CoAs on NCX1 activity (Figure 1C and D).
Application of 1 M palmitoyl CoA to the cytosolic surface of
the membrane patch significantly inhibited reverse-mode I,
inactivation (Figure 1C) resulting in a 214+74% increase
in the late-to-peak current ratio and a 65.2+31.1% increase
in total reverse-mode activity, as measured by integrating
the area under the curve (AUC; Figure 2B and C). Conversely,
we found that oleoyl CoA caused a small yet significant
decrease in total forward-mode NCX1 activity (12.7+4.3%;
Figure 1D). As Ca** loading via increased reverse-mode
NCX1 is considered to be a major contributor to cardiac
damage sustained during IR injury (Piper et al, 2003), we
further examined the modulation of I; inactivation by
acyl CoAs.

Regulation of I; inactivation by acyl CoAs demonstrates
side-chain length and saturation dependence

Our group and others have previously shown that the regula-
tion of Kxrp channels by acyl CoAs is dependent on both
chain length and saturation (Branstrom et al, 2004; Riedel
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Figure 1 Forward- and reverse-mode NCX1 activity is modulated by acyl CoAs. (A) (i) Representative macroscopic current recording of
reverse-mode NCX1 activity from tsA201 cells infected with AdVNCX1 virus showing activation by high intracellular Na* and inhibition by
NiCl, (5mM). (ii) Uninfected tsA201 cells are devoid of endogenous NCX activity. (B) Grouped data showing inhibition of reverse-mode NCX1
activity by the specific inhibitors KB-R7943 (5 uM) and NiCl, (5mM) but not by the L-type Ca>* blocker nifedipine (10 uM). n = 3-6 patches
per group, *P<0.05 versus control, ND =not detected. (C) Representative trace showing that palmitoyl CoA (1 uM) inhibits I; inactivation.
(D) Representative current recording indicating that oleoyl CoA (1 uM) inhibits forward-mode NCX1 activity.
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Figure 2 Activation of reverse-mode NCX1 activity by acyl CoAs exhibits saturation and chain length dependence. (A) Representative
macroscopic NCX1 current recordings showing that short-chain (decanoyl CoA, C10:0) and polyunsaturated acyl CoAs (linoleoyl CoA, C18:2;
DHA CoA, C22:6) do not inhibit [; inactivation, unlike stearoyl CoA (C18:0). (B) Grouped data showing the maximum effect (black bars) and
reversibility (white bars) of each acyl CoA on the late-to-peak current ratio. n=3-11 patches per group. **P<0.01 versus control in the
respective group, "P<0.05 and ""P<0.01 versus maximum activation in the respective group. (C) Grouped data indicating that total NCX1
reverse-mode activity was increased by palmitoyl, stearoyl and oleoyl CoA only. n=4-6 patches per group. *P<0.05 versus control activity

measured in the same patch before acyl CoA application.

and Light, 2005). Here we tested a number of acyl CoAs
on NCX1 activity and found similar trends to those observed
for activation of the f-cell Karp channel (Figure 2; Riedel and
Light, 2005). Specifically, we found that at a concentration
of 1uM, the shorter chain decanoyl CoA (C10:0) had no
significant effect on either the late-to-peak current ratio or
relative NCX1 activity (Figure 2A). Increasing the chain
length to 16 carbons (palmitoyl CoA, C16:0) and further
to 18 carbons (stearoyl CoA, C18:0) significantly increased
both the late-to-peak current ratio (Figure 2B) and relative
exchanger activity (Figure 2C). Addition of one double
bond (oleoyl CoA, C18:1) still caused an increase in NCX1
activity similar to that of palmitoyl and stearoyl CoA,
whereas addition of a second double bond (linoleoyl CoA,
C18:2) eliminated the effect of acyl CoAs on I; inactivation
(Figure 2B and C). Application of the n-6 polyunsaturated
fish oil docosahexaenoyl (DHA) CoA resulted in a small
yet significant decrease in total NCX1 reverse-mode activity
resulting from a decrease in peak exchanger activity
(Figure 2C).

©2006 European Molecular Biology Organization

Regulation of I, inactivation by acyl CoAs does not
require ATP

Several studies have demonstrated a stimulatory effect of
Mg-ATP on NCX1 activity (Hilgemann, 1990; Condrescu
et al, 1995; Hilgemann and Ball, 1996; Berberian et al,
1998), a mechanism that may occur via phosphorylation
of PIP and the maintenance of membrane PIP, levels.
To determine that the observed activation of NCX1 by acyl
CoAs in our study was not contaminated by membrane-
bound PIP, or by associated ATP-mediated events, we
repeated our experiments in the absence of Mg-ATP
(Figure 3). Under these conditions, I; inactivation occurred
more rapidly (t=7.84+1.1 versus 17.5+1.7s (P<0.01)) and
to a greater extent than in the presence of 2mM MgATP
(Figure 3C, compare white bars). Perfusion of PIP,-depleted
membrane patches with acyl CoAs resulted in a much
larger activation of NCX1 current (~3.8- and ~19-fold for
palmitoyl and oleoyl CoA, respectively) than in the presence
of Mg-ATP (~2.4-fold for both palmitoyl and oleoyl CoA;
Figure 3C).
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Figure 3 Activation of reverse-mode NCX1 activity by acyl CoAs
occurs in the absence of Mg-ATP. Representative macroscopic NCX1
current recordings in the presence (A) and absence (B) of 2 mM Mg-
ATP. Under both conditions, acyl CoAs (oleoyl CoA, 1uM shown
here) inhibited I; inactivation. (C) Grouped data indicating that the
increase in late-to-peak current ratio as a result of acyl CoA
exposure (black bars) was greater in the absence of Mg-ATP.
n=7-11 patches per group. *P<0.05 versus corresponding control
patches in the absence of acyl CoAs (white bars).

Acyl CoAs interact with XIP, but at a site distinct from
that of PIP,

PIP, regulates NCX1 activity via interaction with the XIP
region located on the intracellular loop between transmem-
brane segments 5 and 6 (Li et al, 1991). Residue F255 seems
especially important in governing this PIP,-mediated modu-
lation (He et al, 2000). To assess whether acyl CoAs interact
with NCX1 via a similar mechanism, we applied an antibody
directed against XIP (AbXIP) directly to membrane patches.
In the absence of additional modulators, AbXIP reduced peak
current by ~80% while eliminating the steady-state current.
However, pre-exposing the membrane patch to 1M oleoyl
CoA resulted in a significantly impaired AbXIP-mediated
inhibition of both peak and late currents (22.6+8.2 and
32.5+8.4% inhibition, respectively; Figure 4A). To elucidate
further similarities between binding of acyl CoAs and PIP,,
we created the previously described F255E mutant (Matsuoka
et al, 1997). NCX1(F255E) mutant exchangers are inactivated
more rapidly and PIP; is incapable of inducing NCX1(F255E)
exchanger activity following I; inactivation (He et al, 2000) as
a result of a weakened PIP,-XIP interaction. Although we
have successfully reproduced this finding using a similar
protocol and found that acyl CoAs are likewise unable to
stimulate significant activity in inactivated mutant NCX1
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(Figure 4B), we report two additional observations. Firstly,
unlike PIP,, oleoyl CoA can reduce inactivation when bound
before NCX1(F255E) activation (Figure 4C). Under these
conditions, total NCXI1(F255E) activity was significantly
increased 10.80+3.34-fold (P<0.05, n=11) compared to a
nonsignificant 3.09+1.21-fold (P=0.11, n=11) when the
exchanger was exposed to 30uM PIP,. This suggests that
the NCX1(F255E) mutant exchanger retains the ability to be
significantly modified by acyl CoAs but not by PIP,. Secondly,
we found that the inability of acyl CoAs to stimulate NCX1
activity in a population of inactivated transporters was
a property limited to the F255E mutant. Figure 4D shows
that oleoyl CoA readily stimulated wild-type NCX1 activity,
increasing current levels by 91.6+4.5% (n=5) over that
measured at the base of the inactivation, whereas PIP, failed
to do so. Conversely, even the wild-type exchanger was not
significantly re-activated by PIP, (32.4+14% increase in
current following PIP, perfusion versus base inactive current,
n=06, P=0.08; Figure 4D).

Acyl CoA accumulation increases NCX1 reverse-mode
activity and intracellular Ca®* loading

Accumulation of acyl CoAs within transgenic mouse cardio-
myocytes is associated with cardiomyopathy (Chiu et al,
2001); however, the mechanisms underlying this association
are not clearly delineated. In light of our own findings and
those of Chiu and colleagues, we investigated the cellular
consequences of acyl CoA accumulation and subsequent
increases in NCX1 activity by examining whole-cell NCX1
currents in intact adult rat ventricular myocytes and Ca®™"
loading via reverse-mode NCX1 activity in an intact model
cellular system in which acyl CoA levels were manipulated.

Reverse-mode NCX1 activity was elicited in adult rat
cardiomyocytes using a previously described external Na™
removal protocol (Su et al, 1999) in an attempt to visualize a
change in [, inactivation in response to pathophysiological
increases in intracellular Na* and acyl CoA levels as are seen
during IR (Figure 5). The observed reverse-mode NCX1
activity was again sensitive to nickel and KB-R7943 (Figure
5B and C). Dialysis of myocytes with 20mM Na ™ mimicked
ischemic intracellular Na* concentrations, and activation of
reverse-mode activity produced the characteristic I, inactiva-
tion response (Figure 5A; Hilgemann et al, 1992). The addi-
tion of 1 uM oleoyl CoA to the intracellular milieu, via dialysis
of the pipette solution, resulted in a significant increase in the
late-to-peak current ratio (0.67340.03 versus 0.512+0.06,
P<0.05).

Neonatal rat cardiomyocytes were used as a model system
for measuring Ca*" loading because of their robust expres-
sion of NCX1 (Boerth et al, 1994) and the ability to maintain
their phenotype under standard culture conditions. We used
an established protocol for inducing reverse-mode NCX acti-
vity in intact spontaneously beating primary myocyte cul-
tures that involves an initial loading of the cells with Na*
via inhibition of the Na/K-ATPase pump using a K™*-free
solution. Subsequent removal of extracellular Na ™ promotes
Na™ extrusion and concomitant Ca*" loading via reverse-
mode NCX1 activity (Figure 6A; Eigel and Hadley, 2001).
Changes in cytosolic Ca®** were monitored using the Ca*™ -
sensitive fluorophore calcium green. The observed Ca®™"
loading was inhibited by nickel and external Ca’™ removal,
but not by nifedipine (Figure 6E)—observations that are

©2006 European Molecular Biology Organization
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Figure 4 The activation of reverse-mode NCX1 activity by acyl CoAs may occur via their interaction with the XIP region, but at a site distinct
from that of PIP,. (A) Grouped data indicating that pre-exposure of membrane patches to oleoyl CoA (1 uM) abolishes the inhibitory action of
an anti-XIP antibody. n = 3-4 patches per group. *P<0.05 versus respective peak (black bars) and late (white bars) current in patches exposed
to the anti-XIP antibody alone. (B) Representative current recording indicating that neither acyl CoAs (1 uM oleoyl CoA shown here) or PIP,
(30 uM) is able to re-activate NCX1(F255E) mutant exchangers following I; inactivation. (C) Representative current recordings indicating that
acyl CoAs (1 puM oleoyl CoA shown here) but not PIP, (30 uM) are able to prevent the entry of NCX1(F255E) mutant exchangers into the [
inactive state. (D) Representative macroscopic current recording indicating the ability of acyl CoAs (oleoyl CoA, 1 uM shown here) but not PIP,
(30 uM) to re-activate wild-type NCX1 exchanger activity following a period of I; inactivation.

consistent with the measurement of reverse-mode NCX1
activity. Acyl CoA levels within neonatal rat cardiomyocytes
were elevated by adenoviral-mediated overexpression of
fatty acyl CoA synthetase-1 (FACS-1 or ACSL1), the primary
enzyme involved in free fatty acid (FFA) esterification to
acyl CoAs (Figure 6C, inset; Suzuki et al, 1990; Coleman
et al, 2002). Incubation of cardiomyocytes overexpressing
FACS-1 in the presence of FFAs led to a significant increase
in maximum and total Ca*" loading (Figure 6B-D). Total
cytosolic acyl CoA content was subsequently measured in
each experimental group using HPLC to quantify the extent
of acyl CoA loading (Figure 6F). Whereas the expression
of FACS-1 alone was insufficient to significantly increase
total acyl CoA content (0.171+0.053 pmol/ug total protein,
P=0.14, NS), the combination of FACS-1 overexpression
and treatment of myocytes with elevated FFAs produced a
significant ~7-fold increase in total acyl CoA content
(0.174 +0.043 pmol/pg total protein). It was in this treatment
group that we observed the greatest activation of reverse-
mode NCXI activity and Ca® ™" loading (Figure 6D).

Discussion

Accumulation of Ca®* within the cardiomyocyte contributes
to hallmark electrical and contractile dysfunction of IR injury
(Carmeliet, 1999; Eigel and Hadley, 2001). The contribution
of reverse-mode NCX activity to Ca*" overload in this setting
has been the focus of a number of important studies. Of
particular note is the observation that cardiac-specific over-
expression of the NCX1 gene resulted in increased suscepti-
bility to IR-mediated cardiac dysfunction (Cross et al, 1998),

©2006 European Molecular Biology Organization

whereas antisense inhibition or complete cardiac-specific
ablation of NCX1 provided significant protection (Eigel and
Hadley, 2001; Imahashi et al, 2005). These studies highlight
the importance of NCX1 activity in contributing to IR injury.
Increased NCX1 reverse-mode activity by whatever mechan-
ism therefore represents a major burden to contractile recov-
ery following IR injury. Results from our study provide the
first direct evidence that NCX1 activity is under the influence
of acyl CoAs, and importantly, by direct intracellular applica-
tion of acyl CoAs, we demonstrate that this regulation occurs
in cardiac myocytes. These common fatty acid intermediates
represent a novel class of NCX1 modulators that may be
involved in the observed increase in NCX1 reverse-mode
activity in IR injury as well as the physiological coupling of
Ca?" homeostasis to lipid metabolism in a variety of tissues.

Mechanistic insights
Previous studies have demonstrated that transition of active
reverse-mode NCX1 to the I; inactive state is governed by
intracellular sodium ions and the endogenous regulatory XIP
sequence (Hilgemann et al, 1992; Matsuoka et al, 1997). Our
results provide evidence that acyl CoAs may interact with
NCX1 at or near this XIP sequence, as these anionic lipids can
prevent an XIP antibody from reaching its epitope. We also
show that acyl CoAs may disrupt the XIP-mediated conforma-
tional change required for inactivation of NCXI1, thereby
increasing Ca** loading under conditions used to stimulate
reverse-mode NCX1 activity.

The differences observed between the effects of acyl CoAs
on the wild-type and F255E mutant exchanger provide in-
sights into the molecular mechanisms mediating XIP-induced

The EMBO Journal

VOL 25 | NO 19 | 2006 4609



NCX1 activity and acyl CoAs

MJ Riedel et al
A 101
Oleoyl CoA
0.8
0.6 -
£
N
= 04+
Control
0.2 1
20s
0.0 4 M
[Na’],
145 0 145  (mM)
B o W0
g
T o8 *
f=4
(
5 06
3 T
X
S o4
e
8
fi’.. 0.2
[5:1
-
o0 Oleoyl CoA
eoyl Co
Control (C18:1)
¢ Control
20 pA |
20s NiCl,

 ——
M A—— [Na'],

145 0 145  (mM)

20 pA |
20s
M —— [N2],
145 0 145 (mM)

Figure 5 Activation of rat ventricular myocyte reverse-mode
whole-cell NCX1 current by oleoyl CoA. (A) Representative
whole-cell NCX1 current recordings from myocytes dialyzed with
either control pipette solution or oleoyl CoA-containing pipette
solution. (B) Grouped data demonstrating a significant increase in
late-to-peak current ratio in myocytes dialyzed with oleoyl CoA
(1 uM, black bars, n=6) when compared to control myocytes
(white bars, n=7). (C) Example whole-cell recordings demonstrat-
ing inhibition of the current changes recorded in our system by the
NCX blocker NiCl, (5mM) and the reverse-mode specific blocker
KB-R7943 (5uM). *P<0.05.

inactivation. While wild-type NCX1 can be prevented from
entering the I; inactive state in the presence of both PIP,
(He et al, 2000) and acyl CoAs (this study), wild-type NCX1
can be re-activated only by acyl CoAs. This suggests that
the ability of the endogenous XIP region to mediate inactiva-
tion is hindered by acyl CoAs. The addition of a negative
charge in the XIP region of the NCX1(F255E) mutant may act
to repel the negatively charged PIP, and acyl CoA molecules,
resulting in the observed enhancement of inactivation (Figure
4B and C). Differences in either net charge or charge location
may explain why PIP, is less capable of altering NCX1(F255E)
activity than acyl CoAs (Figure 4C). The inability of either

4610 The EMBO Journal VOL 25| NO 19 | 2006

PIP, or acyl CoAs to re-activate mutant NCXI(F255E)
currents (Figure 4B) suggests that the interaction of XIP
with these anionic lipids is weakened by the addition of a
negative charge at position 255 of the XIP region facilitating a
faster rate of inactivation.

Physiological significance

Acyl CoAs are dynamically regulated within the cardiomyo-
cyte and serve as a major substrate for B-oxidation and
lipogenesis. Acyl CoAs are increased in both physiological
(during exercise; Goodwin and Taegtmeyer, 2000) and patho-
physiological (during IR; Whitmer et al, 1978) situations.
Acyl CoAs are also known regulators of a number of proteins
including ion channels (Faergeman and Knudsen, 1997;
Haber et al, 2003). The total acyl CoA pool in the heart is
large but free cytosolic acyl CoA levels are highly buffered to
levels near 1 puM by several acyl CoA and fatty acid binding
proteins (Faergeman and Knudsen, 1997). Although the
actual levels of free acyl CoA at distinct subcellular locations
are not known, they have been shown to increase during
cardiac ischemia (Whitmer et al, 1978) as plasma fatty acid
levels increase. Accordingly, we show that a rebalancing
of NCX1 activity towards increased outward current occurs
in the presence of acyl CoAs (at 1 uM), with forward-mode
activity being slightly reduced and reverse-mode activity
being dramatically increased. During exercise, when the
exchanger is operating primarily in forward mode to extrude
Ca’*, a small decrease in NCX1 activity may have a positive
inotropic effect by maintaining higher or prolonged intracel-
lular Ca®* levels and may decrease the likelihood of arrhyth-
mogenic delayed afterdepolarizations (Bers et al, 2002).
Conversely, under pathophysiological conditions such as
IR injury where reverse-mode activity is favored, a large
increase in reverse-mode NCX1 activity by acyl CoAs may
result in increased Ca®" loading, thus further impairing
contractile function and increasing the likelihood of develop-
ing Ca®"-dependent pro-arrhythmic events. In this regard,
reverse-mode NCX1 inhibitors have been shown to reduce
the occurrence of ischemia-induced arrhythmias (Takahashi
et al, 2003).

The contribution of elevated plasma FFAs to the severity of
IR injury is not clearly established in humans; however it has
been shown that obese adult Zucker fatty rats exhibit greater
contractile dysfunction following a period of global ischemia
than their lean control counterparts (Zhou et al, 2000; Sidell
et al, 2002). This contractile dysfunction was completely
reversed with the use of peroxisome proliferator-activated
receptor-gamma agonists that among other effects decrease
plasma FFA levels (Zhou et al, 2000; Sidell et al, 2002),
suggesting that elevated FFAs may increase the risk for
contractile dysfunction in the ischemic heart. These results
support our suggestion that increased reverse-mode NCX
activity under conditions of elevated intracellular saturated
acyl CoAs represents an important novel regulatory pathway
contributing to cardiac dysfunction in multiple pathological
settings including ischemia, hypertrophy, diabetic cardio-
myopathies, heart failure and other conditions associated
with lipotoxic heart disease.

Acyl CoA saturation and implications for IR injury
Altering the composition of dietary fatty acids can change

cellular membrane constituents and alter lipid profiles within
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Figure 6 Reverse-mode NCX1 activity is increased in neonatal rat cardiomyocytes following elevation of intracellular acyl CoA levels.
(A) Representative Ca*" transient recording from a group of neonatal myocytes subjected to a protocol designed to induce reverse-mode NCX1
activity. (B) Representative recordings showing typical reverse-mode NCX1-mediated Ca®* loading in neonatal myocytes. Panel shows only the
reverse-mode NCX1 activity-related portion of the recording obtained during Na * -free solution exposure. (C) Grouped data showing significant
increase in maximum Ca* " loading in FACS-1-overexpressing neonatal myocytes incubated with 0.2 mM palmitate and 0.1 mM oleate. n = 5-7
experiments per group with 6-8 cells per experiment. **P<0.01 versus control group, “P<0.05 versus FFA group, ®P<0.05 versus FACS-1
group. Inset: Representative Western blot showing overexpression of FACS-1 protein after treatment with AAVFACS-1 virus. (D) Total reverse-
mode NCX1 activity in control myocytes and those treated with FFA or FACS-1 alone or in combination. n = 5-7 experiments per group with
6-8 cells per experiment. *P<0.05 versus control group. 'P<0.05 versus FFA +FACS-1 group. (E) Total reverse-mode NCX1 activity was
inhibited by a Ca?*-free extracellular perfusate and by the specific inhibitor NiCl, (5mM) but not by the L-type Ca** channel blocker
nifedipine (10 pM). n = 3-4 experiments per group with 6-8 cells per experiment. **P<0.01 versus control group. (F) Total cytosolic acyl CoA
levels were increased significantly by palmitate and oleate incubation in FACS-1-overexpressing cells. n =3 experiments per group. *P<0.05

versus control group. “P<0.05 versus FFA group.

cells (Hulbert et al, 2005). Modulation of both the level
and composition of intracellular acyl CoAs that fluctuate as
a result of changing metabolism may serve as an important
modulatory mechanism for controlling signaling processes
including NCX1 activity. We demonstrate that modulation of
NCX1 by acyl CoAs is dependent on the number of carbons
and double bonds present in the hydrophobic tail, with
longer chain more saturated acyl CoAs causing the greatest
increases in reverse-mode NCX1 activity. This suggests that
the severity of contractile dysfunction sustained during IR
injury may be linked to plasma FFA composition and hence to
the type of fat consumed in the diet. In particular, we have
shown that saturated and monounsaturated acyl CoAs of
chain length 16 or greater are more effective NCX1 activators
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than shorter chain or polyunsaturated acyl CoAs. We have
established a similar dependence on side-chain length and
degree of saturation for the activation of Karp channels by
acyl CoAs including a lack of effect by the fish oil ester DHA
CoA (Riedel and Light, 2005). Interestingly, Xiao et al (2004)
have shown that the polyunsaturated fats DHA and eicosa-
pentaenioc acid inhibit both forward- and reverse-mode NCX
activity, whereas the saturated stearic acid does not. In
agreement with these results, we show that the polyunsatu-
rated fish oil ester DHA CoA slightly inhibits reverse-mode
NCX1 activity, a mechanism that may contribute to the well-
documented cardioprotective effects of dietary fish oils (Kris-
Etherton et al, 2002; Marchioli et al, 2002). Conversely, diets
higher in saturated fats such as stearic or palmitic acid may
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increase susceptibility to IR injury via enhanced reverse-
mode NCXI1 activation. This hypothesis is supported by the
previous finding that diabetic mice fed diets high in long-
chain fatty acids exhibited increased susceptibility to cardio-
myopathies, whereas those fed diets high in medium-chain
fatty acids did not (Finck et al, 2003). Our results show that
unlike the long-chain acyl CoAs, the medium-chain decanoyl
CoA was incapable of significantly increasing reverse-mode
NCX1 activity and may therefore provide a contributory
mechanism for the observed benefits of strategies designed
to lower serum lipids and/or specifically decrease long-chain
fatty acyl triglycerides in the treatment of diabetic cardio-
myopathies (Finck et al, 2003).

Implications for other tissues

NCX is expressed in a number of tissues including the
heart, endocrine pancreas and brain. Three separate genes
have been identified, each encoding several splice variants in
these and other tissues (Quednau et al, 1997), suggesting that
NCX activity is an important physiological process for the
maintenance of appropriate ion homeostasis. NCX1 is the
most ubiquitously expressed of the three genes and alterna-
tively spliced variants are highly homologous, with differen-
ces from one splice variant to another existing only within
a small alternative splicing region in the large intracellular
loop (Quednau et al, 1997). The XIP region, which we have
identified as a putative acyl CoA interaction site, is conserved
among all NCX1 isoforms (Quednau et al, 1997) and is
similar in NCX2 and NCX3 (Li et al, 1994; Nicoll et al,
1996). The presence of the XIP region in all NCX gene
products suggests that regulation of NCX by acyl CoAs may
regulate Ca*" homeostasis in many tissues. This may be
especially important in disease states such as obesity and
diabetes, where fat metabolism can be altered by high levels
of plasma FFAs (Golay et al, 1986; Reaven et al, 1988) leading
to elevated intracellular acyl CoA levels.

In conclusion, our results provide evidence for a novel
link between cellular metabolism and calcium homeostasis.
Given that free acyl CoA levels within cardiomyocytes are
dynamically regulated according to metabolic demand, as
well as during several pathologies, it is tempting to speculate
that acyl CoAs may be a key endogenous regulator of NCX1
activity in the heart. Further studies are therefore warranted
to determine the contributions of acyl CoA modulation of
NCX activity to cellular function both under physiological
and pathophysiological conditions in a variety of tissues
expressing this important class of ion exchanger.

Materials and methods

Molecular biology

The rat heart NCX1 (Low et al, 1993) clone in pcDNA3 was
obtained from Dr Jonathan Lytton and the NCX1 adenovirus was
obtained from Dr Joseph Cheung. Labeling of amino acids
beginning with the first in-frame methionine results in the highly
conserved XIP region spanning amino acids 251-270. Therefore, the
equivalent mutation of F223 from previous studies (Matsuoka et al,
1997; He et al, 2000) corresponded to F255 in our clone. The
discrepancy occurs owing to the potential existence of an NH,-
terminal 32-amino-acid signaling sequence that may be cleaved
before insertion into the plasma membrane (Nicoll et al, 1990). The
F255E XIP region mutant was created from wild-type template using
standard PCR protocols. The presence of the mutation was verified
by diagnostic digest and sequence analysis.
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Cell culture

tsA201 cells, which are devoid of endogenous NCX activity (Figure
1Aii), were maintained in DMEM supplemented with 25mM
glucose, 2 mM L-glutamine, 10% FCS and 0.1% penicillin/strepto-
mycin in a humidified incubator at 37°C with 5% CO,. Cells were
passaged and plated at 60-80% confluency in 35 mm culture dishes
~8h before infection or transfection.

Isolation of rat cardiac myocytes

All animal protocols were performed in accordance with the
University of Alberta Animal Policy and Welfare Committee and
the Canadian Council on Animal Care (CCAC) Guidelines. Adult
right ventricular myocytes were obtained from male Sprague-
Dawley rats as described previously (Bouchard et al, 1993; Light
et al, 1998).

Neonatal cardiac myocytes were isolated from the hearts of 1- to
3-day-old neonatal rat pups as described previously (Kovacic et al,
2003). The cells were plated on fibronectin-coated coverslips at
~100% confluency.

Cellular infection/transfection

Wild-type NCX1 was expressed in tsA201 cells via adenovirus
delivery of the NCX1 and green fluorescent protein clones (GFP;
pGreenLantern, Life Technologies, Gaithersburg, MD) driven under
separate CMV promoters. Cells were exposed to ~30PFU/cell
AdVNCX1 for 2-4 h and macroscopic NCX1 current recordings were
performed 24-48 h later.

The NCX1(F255E) mutant exchanger was inserted into
pcDNA3.1, transfected using the Ca*" phosphate precipitation
technique and visualized by coexpression of GFP. Macroscopic
NCX1(F255E) recordings were performed after 24-48 h.

After 18 h of culture, neonatal rat cardiomyocytes were allocated
to three different groups. Group 1 cells were continued in culture
with no additional treatment. Group 2 and 3 cells were infected with
10PFU/cell AAVFACS-1. At 24 h post-infection, group 3 cells were
incubated with 0.2 mM palmitate and 0.1 mM oleate complexed to
BSA in DMEM/F12 media for 18 h.

Electrophysiological measurements

The excised inside-out patch clamp technique was used to measure
macroscopic outward (reverse-mode) and inward (forward-
mode) NCX currents from infected or transfected tsA201 cells.
Large tip diameter patch pipettes were pulled from borosilicate
glass (G85150T-3; Warner Instruments Inc., Hamden, CT) to yield
resistances between 400 and 700kQ when backfilled with buffer
solution.

For outward reverse-mode NCX current measurements, the
pipette (extracellular) solution contained the following (in mM):
CsCl 140, TEA 20, HEPES 5, glucose 10, MgCl, 1.4 and CaCl, 4. pH
was adjusted to 7.4 with CsOH. Outward currents were elicited by
rapidly switching from an intracellular cesium-based solution
containing (in mM) CsCl 120, TEA 20, HEPES 5, glucose 10, MgCl,
1.4 and CaCl, 4.28 to an intracellular sodium-based solution
containing (in mM) CsCl 30, NaCl 90, TEA 20, HEPES 5, glucose 10,
MgCl, 1.4 and CaCl, 4.28. Free calcium concentrations were
buffered to ~800nM with 5mM EGTA and pH was adjusted to
7.2 with CsOH.

For inward forward-mode NCX current measurements, the
pipette (extracellular) solution contained (in mM) CsCl 30, NaCl
90, TEA 20, HEPES 5, glucose 10, MgCl, 1.4 and CaCl, 4.28. Free
calcium concentrations were buffered to ~800nM with 5 mM EGTA
and pH was adjusted to 7.4 with CsOH. Inward currents were
elicited by rapidly changing the intracellular solution from a
cesium-based low-calcium solution containing (in mM) CsCl 120,
TEA 20, HEPES 5, glucose 10, MgCl, 1.4, CaCl, 4.28 and EGTA 5to a
cesium-based high-calcium solution containing (in mM) CsCl 140,
TEA 20, HEPES 5, glucose 10, MgCl, 1.4 and CaCl, 4. pH of the
intracellular solutions was adjusted to 7.2 with CsOH. In some
experiments, 2mM MgATP was added to both extracellular and
intracellular solutions where indicated in the text. All solution
changes were achieved in <2s.

Membrane patches were held at 0mV and NCX currents were
measured and analyzed using an Axopatch 200B amplifier and
Clampex 8.1 software (Axon Instruments, Foster City, CA). All
experiments were performed at room temperature (22 +1°C).

Whole-cell myocyte NCX1 currents were measured as previously
described (Su et al, 1999) with the exception that pipettes were
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pulled from borosilicate glass (G85150T-3) to yield resistances
between 600 and 850 MQ and the pipette solution contained 20 mM
NaCl and no ATP.

Measurement of Ca’* transients

Neonatal rat cardiomyocytes from three different groups outlined
above were rinsed and loaded for 30 min at room temperature and
for 30min at 37°C with the Ca®*-sensitive fluorescent probe
Calcium Green-1AM (4 uM, in a 1:1 v/v dimethyl sulfoxide:pluronic
acid mixture; Molecular Probes, Eugene, OR, USA). A Photo-
multiplier Detection System (PTI, Lawrenceville, NJ, USA) with
Clampex 8.1 was used for data acquisition and analysis. Calcium
Green-1AM was excited with 480nm light and the emitted light
intensity at 520 nm was digitized and stored. Cells were subjected to
a superfusion protocol designed to evoke reverse-mode NCX
activity as described previously (Eigel and Hadley, 2001). Briefly,
cells were superfused for 2 min with a solution containing (in mM)
NaCl 140, KCI 4, HEPES 10, CaCl, 2.5, MgCl, 1 and glucose 10 to
evoke control Ca>* transients. Cells were then superfused for 5 min
with a K -free solution containing (in mM) NaCl 144, HEPES 10,
CaCl, 2.5, MgCl, 1 and glucose 10, which resulted in intracellular
Na* loading. Finally, a Na'-free solution containing (in mM)
LiCl 140, KCI 4, HEPES 10, CaCl, 2.5, MgCl, 1 and glucose 10
was superfused for 5min to evoke reverse-mode NCX activity. pH
was adjusted to 7.4 in all solutions. TTX (20 uM) was added to the
K*-free and Na ™ -free solutions to block TTX-sensitive Iy,, thus
preventing Na™ loading via voltage-gated Na™ channel activity.
NiCl, (5mM) was added to the Na'-free solution in some
experiments to inhibit NCX activity (Hinde et al, 1999). The
increase in diastolic Ca®*" indicator fluorescence and AUC during
reverse-mode NCX activity were normalized to the amplitude of the
Ca*" transient under control conditions. The Ca’*' transient
experiments were performed at room temperature.

Experimental compounds

Nifedipine was dissolved in DMSO as a 10 mM stock solution and
diluted to concentrations indicated in text before use. The final
DMSO concentration of 0.1% did not affect NCX currents in the
absence of nifedipine (data not shown). NiCl, was dissolved
directly into solutions to concentrations indicated in the text. All
acyl CoAs were purchased from Sigma (Sigma-Aldrich, Oakville,
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