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Abstract The cardioprotective effects of ischemic pre-
conditioning (IPC) can be mimicked or blocked by
pharmacologic agents, which modulate the mitochondrial
ATP-sensitive potassium (mKarp) channel, thereby
implicating this channel in the mechanism of IPC. Car-
dioprotection can also be achieved via inhibition of
mitochondrial respiratory complex II, and significant
pharmacologic overlap exists between complex II inhibi-
tors and mKarp channel agonists. However, the
relationship between complex II and the mKsrp channel
remains unclear. Atpenin A5 (AAS) is a potent and specific
complex II inhibitor, and herein we report that AAS (1 nM)
also activates the mKstp channel and protects against
simulated ischemia-reperfusion (IR) injury in isolated
cardiomyocytes. Similar to known mK,tp agonists, AAS-
mediated protection was sensitive to the mK,p antago-
nists 5-hydroxydecanoate (SHD) and glyburide. Notably,
the optimal mK tp opening and protective concentration of
AAS5 had no effect on complex II enzymatic activity,
suggesting an interaction of AAS with complex II, but not
inhibition of the complex per se, is necessary for protec-
tion. A cardioprotective effect of AAS was also observed in
isolated perfused hearts, wherein AAS increased post-IR
contractile function and decreased infarct size, in a SHD-
sensitive manner. In conclusion, the specific complex II
inhibitor AAS5 is the most potent mKarp activator
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discovered to date, and provides a novel method of acti-
vating mKatp channels and protecting the heart from IR
injury.
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Introduction

The heart is highly dependent on mitochondrial ATP syn-
thesis for contraction, but cardiac mitochondria are also a
major site of damage caused by ischemia-reperfusion (IR)
injury. Post-ischemic recovery of mitochondrial function is
an important predictor of cardiac contractile recovery [2,
9], and thus the preservation of mitochondrial function has
received much attention as a potential strategy for cardio-
protection [23].

Ischemic preconditioning (IPC) is a widely studied
endogenous cardioprotective mechanism, triggered by
several short non-lethal periods of IR prior to a prolonged
ischemic insult [34]. The mechanisms underlying IPC
signaling remain under debate [17], but interestingly IPC is
known to inhibit mitochondrial electron transport at com-
plexes I and II [11, 38, 45], and consistent with this,
several cardioprotective pharmacologic agents are also
mitochondrial respiratory inhibitors [10, 12, 42]. In addi-
tion to respiratory inhibition, extensive pharmacological
evidence has implicated a mitochondrial ATP-sensitive
potassium (mKtp) channel [4, 5, 21, 33] as a central
player in IPC [5, 27]. Activators of this channel mimic IPC
[20, 33] in a connexin 43-dependent manner [24], while
inhibitors of the channel prevent the protection afforded by
IPC [5, 21, 25].
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Despite much attention, the molecular identity of the
mKtp channel remains unclear. While it has been sug-
gested that the mK rp may be comprised of surface Katp
channel-related K;g and SUR subunits [31, 39], the speci-
ficity of antibodies used to indentify Ksrp subunits has
been questioned [18, 40], and others have proposed that
mKrp is comprised of mitochondrial proteins such as
complex II [3]. A significant pharmacological overlap
exists between complex II and the mKstp channel. For
example the commonly used mKatp agonist diazoxide
(DZX) is an effective complex II inhibitor [14, 42], while
known complex II inhibitors such as 3-nitropropionic acid
[3, 36] nitroxyl [37, 43], and malonate [45] are able to
activate the mKrp channel, and protect against IR injury.

The lack of molecular identity for mKtp, and the poor
specificity (1-300 uM) of pharmacologic agents used to
probe both mK ,p channel and complex II activity, creates
a need for novel tools to investigate the channel. In this
regard we hypothesized that the novel, potent, and highly
specific complex II inhibitor atpenin A5 (AAS,
ICsp ~ 10 nM) [32], may be an effective mK,rp channel
agonist and cardioprotective agent.

Materials and methods

Eighty male Sprague-Dawley rats, 200-225 g, were pur-
chased from Harlan (Indianapolis, IN) and housed on a
12-h light/dark cycle with food and water available ad
libitum. All procedures were performed in accordance
with the US National Institutes of Health “Guide for the
care and use of laboratory animals”, and were approved
by the University of Rochester’s Committee on Animal
Resources (protocol # 2007-087). Atpenin A5 (AAS) was
from Axxora LLC (San Diego, CA), and was added from
stock solutions in DMSO such that the final concentration
of vehicle was <0.1%. Unless otherwise stated, all other
chemicals were of the highest grade obtainable from
Sigma (St. Louis, MO). In all experiments, each “N” was
an independent heart perfusion or mitochondria/cardio-
myocyte isolation. Statistical differences between groups
were determined using ANOVA, with significance
obtained when P < 0.05.

Cardiac mitochondria and SMPs

Mitochondria were isolated by differential centrifugation in
sucrose-based buffer as previously described [45]. Rapid
isolation was critical to ensure mKatp channel activity.
Protein concentration was determined by the Folin-phenol
method [30]. Submitochondrial particles (SMPs) were
prepared from stored frozen mitochondria as previously
described [45].
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Mitochondrial assays

The enzymatic activity of complex II was measured as
previously described [45], as the thenoyltrifluoroacetone-
sensitive rate of succinate-driven, co-enzyme Q,-linked,
reduction of dichlorophenolindophenol (DCPIP). The
activity of mK,tp was monitored spectrophotometrically at
520 nm, as the light scatter (absorbance) changes due to
K™ uptake and swelling, as previously described [15, 45],
within 1.5 h of mitochondrial isolation. The swelling buf-
fer contained 1 pg/ml oligomycin to stop hydrolysis of
ATP into ADP (via reverse mode ATP synthase), thus
preventing mitochondria from entering state 3 respiration.
This is important because complex II exerts greater control
over mitochondrial respiration in state 3, and thus the
effects of inhibitors (such as AAS) are somewhat respira-
tory state-dependent. Where indicated, K* in the buffer
was replaced with Na™ as a control. Also where indicated
2 mM succinate was replaced either by 2 mM glutamate
plus 2 mM malate, or 2.5 mM ascorbate plus 0.25 mM
NNN'N’-tetramethyl-p-phenylene diamine (TMPD).

Cardiomyocyte isolation and incubations

Ventricular myocytes were isolated by perfusion with
endotoxin-stripped collagenase as previously described
[13, 35], yielding ~4 x 10° cells/heart, >85% rod-shaped
and excluding Trypan blue. Incubations comprised 5 x 10°
cells in 5 ml Krebs Henseleit (KH) buffer plus 2% BSA, in
50 ml round-bottomed tubes in a shaking water bath
(80 cycles/min) at 37°C. Cells were divided into the fol-
lowing groups (Fig. 4a): (1) Control, gassed with 95%0,/
5%CO,, pH 7.4; (2) Simulated ischemia-reperfusion (SIR)
comprising 1 h anoxia (95%N,/5%CO,, glucose-free KH
buffer, pH 6.5), followed by 30 min. reoxygenation
(95%0,/5%CO,, glucose-replete KH buffer, pH 7.4); (3)
IPC + SIR, comprising 1 x 20 min anoxia plus 20 min
reoxygenation, followed by SIR as above; (4) Drug + SIR,
comprising treatment with compounds 20 min prior to SIR;
(5) Drug + IPC + SIR, comprising treatment with com-
pounds 20 min prior to IPC then SIR. Compounds tested
(final concentrations in parentheses) were DZX (10 uM),
malonate (100 pM), AAS (0.1-100 nM), glyburide
(2 M), and SHD (300 uM), with vehicles (DMSO or KH
buffer) comprising <0.1% of total incubation volume, and
appropriate vehicle controls included. At the end of all
protocols, viability was determined by Trypan blue
exclusion.

Perfused hearts

Isolated rat hearts were retrograde (Langendorff) perfused
with KH buffer in constant flow mode, essentially as
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described [35, 45]. After 20 min equilibration, hearts were
subjected to one of the following protocols (Fig. 5a): (1)
Control, comprising 10 min perfusion, 20 min DMSO
(vehicle) infusion, 30 s wash-out, then 145 min normoxic
perfusion; (2) IR alone, comprising 10 min perfusion,
20 min DMSO (vehicle) infusion, 30 s wash-out, then
25 min global ischemia followed by 120 min reperfusion;
(3) IPC + IR, comprising 3 x 5 min global ischemia plus
5 min reperfusion, then IR as above; (5) AAS + IR,
comprising 10 min perfusion, 20 min AAS infusion
(50 nM), 30s. wash-out, then IR as above; (5)
SHD + AAS + IR, comprising the AAS + IR protocol as
above, with additional infusion of SHD (300 uM) during
0-30 min.; (6) SHD + IR, comprising the IR alone pro-
tocol as above, with additional infusion of SHD (300 pM)
during 0-30 min. Pharmacologic agents (AAS5, SHD or
DMSO vehicle) were infused into the perfusion cannula
just above the aorta, with the final DMSO level being
0.017%, which did not affect cardiac function. Following
all protocols, hearts were sliced transversely into 2 mm
slices and stained in 1% (w/v) tetrazolium chloride (TTC)
in phosphate buffer at 37°C for 20 min. Slices were fixed in
10% neutral buffered formalin for 24 h then placed
between glass gel-plates, scanned, and infarct (white)
versus live (red) tissue area quantified using public domain
ImageJ software. Area at risk was 100% in this global
ischemia model.

Results

The specificity and potency of mitochondrial complex II
inhibition by AAS was confirmed in a variety of systems.
Figure 1 shows the inhibition profile for SMPs, mito-
chondria, and cardiomyocytes, with ICs values of 8.3, 9.3,
and 8.5 nM, respectively, obtained. These values agree
with the published data on AAS inhibition of complex II
[32], and indicate that AAS is specific for complex II even
in complex systems such as the cardiomyocyte, which may
contain competing AAS binding sites.

As discussed in the introduction, pharmacological
overlap exists between complex II and the mKrp channel,
and thus we hypothesized that AAS may activate mKp.
This hypothesis was tested using the popular mitochondrial
swelling-based assay of mKtp activity [15, 28, 45]. The
assay is based on a five-way pharmacologic profile, in
which: (a) mitochondria rapidly swell in K™ based media,
(b) swelling is inhibited by ATP, (c) a Karp channel
agonist (e.g. DZX) overrides the inhibitory effect of ATP,
(d) a Karp channel antagonist (e.g. SHD) overrides the
activating effect of the agonist, and (e) no effect of ATP,
agonists or antagonists is observed in Na® based media.
The results (Fig.2) show that AAS5 (1 nM) fit this
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Fig. 1 Inhibition of complex II activity by AAS5 in SMPs, isolated
mitochondria, and cardiomyocytes. Complex II activity was measured
as detailed in the “Materials and methods”. Data are mean = SEM
(N = 4-6) and are expressed as a percentage of the appropriate control
values: 162 £ 4 nmol/(min mg) protein in SMPs, 98 4+ 10 nmol/
(min mg) protein in mitochondria, and 439 £ 49 nmol/(min 104)
cardiomyocytes. Inset: structure of atpenin AS

pharmacologic profile; it opened the mKrp channel in a
SHD- and glyburide-sensitive manner, and this activity was
lost in Na® media. An effect of AAS on mK,pp channel
opening was also observed in mitochondria respiring on
complex I-linked substrates (see below), despite the fact
that AAS is a complex II inhibitor.

Full dose responses of mKtp channel opening to AAS
in the presence of different respiratory substrates (Fig. 3a)
revealed an interesting effect: with glutamate/malate as
substrates, driving complex I-linked respiration, all con-
centrations of AAS5 >1 nM opened the mKrp channel.
However, with succinate as substrate, driving complex II-
linked respiration, 1 nM AAS opened the channel, but this
effect was diminished at higher AAS concentrations; i.e.,
concentrations which inhibit complex II. This inhibitory
effect of high AA5 (>1 nM) on mKrp channel activity
was likely due to complex II inhibition by AAS, limiting
membrane-potential driven K™ uptake. Even though com-
plex II was not completely inhibited under such conditions,
it is known that cation uptake into mitochondria is exqui-
sitely sensitive to small changes in AW [22]. With complex
I-linked respiration, no such inhibition of complex II
activity occurred [32], so maximal channel activity was
maintained at high AAS concentrations.

Furthermore, AAS5 (1 nM) was able to induce mKatp
channel opening and swelling in mitochondria respiring on
ascorbate plus TMPD (swelling as % of control:
ATP =49 £+ 1; ATP + DZX = 88 + 1; ATP + AAS =
104 £ 7; ATP + AAS 4+ Gly = 53 &+ 1; ATP + AAS +
SHD = 53 + 9). Since ascorbate plus TMPD feed elec-
trons directly into complex IV, bypassing the TCA cycle
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Fig. 2 Effects of AAS on mK,tp channel activity in isolated rat heart
mitochondria. mKatp activity was determined by osmotic swelling
assay as described in the Materials and methods. a Representative
swelling traces of mitochondria (~0.25 mg/ml) in K™ media supplied
with succinate (2 mM) as respiratory substrate. Optical density (OD)
at 520 nm is on the y axis. Where indicated, | mM ATP (black
squares), | nM AAS plus ATP (gray squares), or 300 uM SHD plus
AAS5 plus ATP (open triangles) were present in the media. b
Magnitude of swelling relative to controls, determined by the
decrease in OD after 0.2 min in either K media (black bars) or
Na* media (gray bars). Delta ODs, in controls was 0.020 % 0.003 in
K* media and 0.015 + 0.003 in Na* media. Experimental conditions
are listed below the x axis. Data are mean &= SEM, N > 6. * P < 0.05
versus ATP alone, *P < 0.05 versus ATP + AAS

and upstream complexes I and II, this result precludes the
possibility that the effect of AAS on mitochondria respiring
on complex I substrates (see above), was due to side effects
of complex II inhibition on TCA cycle metabolism of
glutamate plus malate. In further support of this, the res-
piration of mitochondria in the presence of glutamate plus
malate was not inhibited by a very high concentration of
AAS5 (respiration rate with 1 pM AAS = 98 £+ 2% of
control).

Interestingly, superimposing the mKarp channel open-
ing and complex II inhibition dose responses to AAS5
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(Fig. 3b) reveals that the concentration of AAS which
optimally opened the mKtp channel (1 nM) was an order
of magnitude below that which inhibited complex II
(10 nM). This result suggests that complex II enzymatic
inhibition is not the mechanism by which AAS opens the
mK,rp channel.

Building on the knowledge that mKrp channel agonists
can mimic the cardioprotective effects of IPC [4, 5, 14, 19,
21, 33], we next tested the cardioprotective efficacy of
AAS in an isolated cardiomyocyte model of simulated IR
injury (protocols in Fig. 4a). As shown in Fig. 4b, cardio-
myocytes were protected in a dose-dependent manner by
AAS, with optimal protection at 1 nM (i.e. the same AAS
concentration which maximally opened the mKarp chan-
nel, Fig. 2). Furthermore, as shown in Fig. 4c, AAS-
induced protection was blocked by the mKap antagonists
5HD and glyburide. In this regard, AA5-induced protection
was similar to that afforded by IPC, DZX, or the complex
IT inhibitor malonate, all of which were also protective in
this model system, in a SHD- and glyburide-sensitive
manner (Fig. 4c). This suggests a similar mechanism of
action for IPC, DZX, malonate, and AAS, i.e., opening of
the mKtp channel.

The use of AAS as a cardioprotective agent was next
translated into a whole organ system, the Langendorff-
perfused rat heart (protocols in Fig. 5a). Initial dose
response investigations (not shown) revealed cardiopro-
tection at 50 nM AAS, i.e., far higher than the protective
dose in cardiomyocytes (1 nM). We hypothesize this
difference may be due to drug diffusion or binding
kinetics: In cardiomyocyte experiments AAS was present
in a fixed volume of incubation media, thus slow equili-
bration would still result in complex II inhibition. In
contrast, the transit-time of buffer through the coronary
circulation in the non-recirculating perfused heart system
is very short (~1 s.) and thus a higher concentration in
the perfusion buffer may be required to achieve an ade-
quate intracellular AAS concentration, to drive the
equilibrium toward inhibition.

As the data in Fig. 5b and d show, pre-administration of
AAS5 afforded a significant improvement in post-IR
recovery of left ventricular function (rate pressure product),
with the degree of protection rivaling that of IPC. Fur-
thermore, AAS5-induced cardioprotection was blocked by
the mKrp antagonist SHD, suggesting that it was not
mediated by inhibition of complex II (since the complex II
inhibiting effects of AAS are not SHD sensitive). SHD
alone was without effect on IR injury.

There was a significant drop in RPP immediately fol-
lowing AAS administration (Fig. 5b, d), although this was
not significantly different from that seen with administra-
tion of IPC. In addition, consistent with the known
vasoactive effects of AAS [1], a 36 & 4% drop in coronary
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perfusion pressure (85 = 10 — 53 £+ 3 mmHg) was
observed immediately following AA5 administration.
However, a similar decrease (32 + 4%, ie. 103 £9 —
68 £+ 3 mmHg) was also observed in the AAS plus 5-HD
group, which was not protected against IR injury. Thus, we
consider it unlikely that changes in coronary pressure were
responsible for cardioprotection by AAS.

The functional data were corroborated by measurements
of infarct size (Fig. 5c, e), in which AAS-treated hearts
exhibited significantly smaller infarcts than controls (IR
alone), and SHD blocked the infarct-sparing effects of
AAS. Similar to the functional data, SHD alone did not
affect infarct size.

Discussion

The major findings of this study are that the potent and
specific complex II inhibitor AAS both opens the mKatp
channel and protects cardiomyocytes from simulated IR
injury, at concentrations well below those at which it

T T T

2 4 6 8 10
[AAS] (nM)

inhibits complex II. Furthermore, AAS protects the intact
perfused heart from IR injury, and this protection is
blocked by a mKrp channel antagonist.

Previously we reported that the complex II inhibitor
malonate both opens the mKrp and inhibits complex II
enzymatic activity, at 25-100 pM [45]. This is consistent
with the proposal that complex II and mKstp may be
related at the molecular level [3]. However, we noted that
the ability of malonate to open the mK,tp was also seen
in mitochondria respiring on complex I-linked substrates,
thereby suggesting that the effects of malonate on the
mKrp channel may not be directly related to the effects
on complex II enzymatic activity. Owing to the relatively
high concentrations of malonate required to observe these
effects in isolated mitochondria, and the nature of mal-
onate as a metabolic acid with numerous roles in the cell,
further development of these studies to investigate the
role of mKarp/complex II interplay in cardioprotection
was precluded. Thus, a more potent and specific inhibitor
of complex II was sought, yielding AAS which is struc-
turally related to ubiquinone and inhibits complex II by
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Fig. 4 Effect of mK,tp openers and blockers on the response of
cardiomyocytes to simulated IR injury. An isolated adult rat
cardiomyocyte model of SIR injury was used as detailed in the
methods. Cell viability was measured via trypan blue exclusion at the
end of reoxygenation. a Experimental design scheme; “Drug” refers
to either DZX (10 pM), malonate (100 pM), AAS5 (InM), SHD
(300 pM), or glyburide (2 uM). b Dose response of post-SIR cell
viability to AAS5 pre-treatment. Concentrations of AAS are listed
below the x axis. data are mean &= SEM, N > 5. * P < 0.05 versis
SIR alone. ¢ Response of post-SIR cell viability to mKarp activators
alone (IPC, DZX, malonate, AAS), or in the presence of mKatp
antagonists (SHD or glyburide). Experimental conditions are listed
below the x axis. All data are mean = SEM, N > 5. * P < 0.05
versus SIR alone, *P < 0.05 versus the effect of each mK,rp
activator (IPC, DZX, malonate, AAS) alone

blocking electron transfer at its ubiquinone binding site
[26, 32].

The results in Figs. 2 and 3 show that AAS5 is the most
potent mKrp channel opener discovered to date, opening
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the channel at only 1 nM, which is 10,000-fold more potent
than the archetypal mKarp agonist DZX [20]. Interest-
ingly, DZX is also known to inhibit complex II [14, 42],
but this occurs at higher concentrations (<30 uM) than
those which maximally open the mK,p channel (10 uM)
[14, 45]. In a similar manner, the effect of AAS on the
mK tp channel occurred at a concentration one order of
magnitude below the ICso for complex II inhibition
(Fig. 3b). On the basis of these data, showing that inhibi-
tion of complex II enzymatic activity per se is not required
for channel opening, we propose that the processes of
mKap channel opening and complex II enzymatic inhi-
bition may be mechanistically unrelated. Nevertheless,
there are several compelling reasons to believe that the
complex II protein may play a structural role in the channel
itself, or its regulation. First, significant pharmacological
overlap exists between complex II and the channel
(including AAS as described herein). Second, genetic
sequence overlap exists between subunit C of complex II
and the sulfonylurea receptor (SUR) subunit of surface
Katp channels [44]. While this subunit alone is not the
binding site for AAS, it is possible that AAS binding to the
ubiquinol site in complex II may bring about structural
changes in the complex which facilitate its recruitment or
interaction with bona fide mKtp channel proteins (Kjr or
SUR subunits).

It should be noted that our data do not preclude the
possibility that the mKtp channel is a protein unrelated to
complex II, which coincidentally happens to contain a high
affinity AAS-binding site. However, AAS is effective at
very low concentrations (2—4 orders of magnitude lower
than other complex II inhibitors and mKurp channel
openers), and we consider it unlikely that such a specific
reagent would bind to structurally unrelated proteins.
Furthermore, mitochondria contain a lot of complex II,
which any other AAS binding proteins would have to
compete with. In addition, inhibitors which bind to distinct
sites on complex II (i.e. the succinate-binding site and the
Q-binding site, the latter of which straddles several com-
plex II subunits) both activate the mK,p channel. If the
channel was a distinct molecule unrelated to complex II, it
would be a highly unlikely coincidence that it would pos-
sess both types of inhibitor binding site within its structure.
Thus, Occam’s razor leads us to conclude that complex II
plays an important regulatory or structural role in the
mKatp channel itself.

Whether the mK,tp comprises similar structural com-
ponents to surface Katp channels (Kr/SUR) is unclear,
and this is confounded by the pharmacologic overlap
between surface and mitochondrial Kptp channels [16]. A
recent study [1] reported that arteries from SUR2™'~ mice
dilated less in response to the general Katp opener pi-
nacidil. However, vasodilatation in response to the mKrp
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Fig. 5 Effectof AAS on the response of perfused rat hearts to IR injury.
Rat hearts were perfused in Langendorff mode and subjected to IR
injury as detailed in the methods. a Experimental design scheme. Left
ventricular balloon pressure was monitored throughout, and TTC
staining for infarct performed after 2 h reperfusion. b Typical left
ventricular pressure traces from each of the six IR protocols, with the
time (x) axis compressed. The upper and lower boundaries of the black
shaded area represent systolic and diastolic pressure, respectively. The
onset of ischemia and reperfusion are indicated by arrows “Isch.” and
“Rep.”, respectively. Labels to the right indicate the protocol followed,
per panel A. ¢ Typical images of cross-sectional slices from TTC-
stained hearts in each experimental group. White indicates dead tissue
(infarct) while red indicates live one. d Rate pressure product (RPP)
values calculated from traces of the type shown in panel B, for hearts
subjected to each protocol. Data are split into two panels for clarity, and
are mean = SEM, N > 5. * P < 0.05 versus IR alone. #p <0.05
versus AAS + IR group. e Quantitation of infarct size from images of
the type shown in panel C, for hearts subjected to each protocol. Infarct
is expressed as percentage of the area at risk, which was 100% in this
global ischemia model. Data are mean = SEM, N > 5. * P < 0.05
versus IR alone. *P < 0.05 versus AA5 + IR group

opener DZX was not affected by SUR2 ablation. Notably,
vasodilatation was also observed in response to the com-
plex II inhibitor AA5 (albeit at 1 pM), and was also
unaffected by SUR2 ablation. These differential results
suggest that pinacidil-induced vasodilatation depends on
both surface and mitochondrial K,tp channels, but that
DZX- and AAS5-induced vasodilatation are SUR2-inde-
pendent and presumably require mKatp channels or
complex II. Thus, complex II may substitute for SURs in
the assembly of the mKtp channel. The fact that complex
II activity is allosterically activated by ATP [45] (the
endogenous ligand of the Ksrp channels), also suggests a
functional overlap between these two proteins. Another
recent study found that several truncated splice variants of
SUR are found in cardiomyocytes and it was hypothesized
that these short forms of SUR2 may be targeted to mito-
chondria [40]. Thus, the precise molecular nature of the
relationship between complex II, SURs and K, in
assembling the mKrp channel remains to be elucidated.
AAS5, identified herein as a potent (1 nM) mK,p agonist,
may prove to be an important tool in the future elucidation
of a complete molecular identity for mKrp.

Regardless the nature of the mK s rp channel and the role
of complex II in its make-up, the results of the current
investigation suggest that AAS may be a potent therapeutic
for cardioprotection. Similar to DZX, IPC and malonate,
AAS protected cardiomyocytes from simulated IR injury in
a SHD- and glyburide-sensitive manner. This cardiopro-
tection translated to a whole organ model of IR injury, in
which AAS5 afforded both improved post-IR contractile
function and lessened infarct size. The mechanism by
which AAS protected the heart appears to be independent
of its inhibition of complex II, since protection was
blocked by the mKrp channel antagonist SHD. This is in
agreement with findings that AAS opened the mKatp
channel at a concentration which did not inhibit complex
II. Thus, while reversible inhibition of the mitochondrial
respiratory chain is emerging as an important cardiopro-
tective paradigm, with several inhibitors of complexes I, II,
and IV exhibiting cardioprotective efficacy [11, 12, 35, 36,
41], AAS does not protect via this mechanism.

Future studies will be aimed at investigating the in vivo
efficacy of AA5 as a cardioprotectant, but clearly the
usefulness of AAS in vivo may be limited by its effects on
other organ systems. For example, while the complex II
inhibitor 3-NP is known to protect hearts in vitro [36], and
malonate protects cardiomyocytes in vitro (Fig. 4c), pro-
longed administration of 3-NP or malonate in vivo leads to
striatal lesions which mimic Huntington’s disease [6, 8]. In
a similar manner, the complex I inhibitor rotenone can be
cardioprotective [29], but prolonged administration of
rotenone and other complex I inhibitors such as MPTP in
vivo leads to a Parkinson’s disease like syndrome [7].
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Thus, the potential clinical use of AAS will have to be
carefully balanced against any potential long term neuro-
degenerative side effects. The development of cardiac-
specific or non-blood-brain-barrier-penetrating complex II
inhibitors or mKsrp channel agonists may provide a
mechanism to bypass such effects.

In summary, we have shown herein that the potent and
specific complex II inhibitor AAS protects the heart from
IR injury through a mK1p channel dependent mechanism.
This finding suggests that complex II plays a role in the
composition or regulation of the mKrp channel, which
may be determined using AAS, a useful tool.
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