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Wojtovich AP, Urciuoli WR, Chatterjee S, Fisher AB, Nehrke
K, Brookes PS. Kir6.2 is not the mitochondrial KATP channel but is
required for cardioprotection by ischemic preconditioning. Am J
Physiol Heart Circ Physiol 304: H1439–H1445, 2013. First published
April 12, 2013; doi:10.1152/ajpheart.00972.2012.—ATP-sensitive
K� (KATP) channels that contain K� inward rectifier subunits of the
6.2 isotype (Kir6.2) are important regulators of the cardiac response to
ischemia-reperfusion (I/R) injury. Opening of these channels is im-
plicated in the cardioprotective mechanism of ischemic precondition-
ing (IPC), but debate surrounds the contribution of surface KATP

(sKATP) versus mitochondrial KATP (mKATP) channels. While re-
sponses to I/R injury and IPC have been examined in Kir6.2�/� mice
before, breeding methods and other technical obstacles may have
confounded interpretations. The aim of this study was to elucidate the
role of Kir6.2 in cardioprotection and mKATP activity, using conven-
tionally bred Kir6.2�/� mice with wild-type littermates as controls.
We found that perfused hearts from Kir6.2�/� mice exhibited a
normal baseline response to I/R injury, were not protected by IPC, and
showed a blunted response to the IPC mimetic drug diazoxide. These
data suggest that the loss of IPC in Kir6.2�/� hearts is not due to an
underlying difference in I/R sensitivity. Furthermore, mKATP channel
activity was identical in cardiac mitochondria isolated from wild-type
versus Kir6.2�/� mice, suggesting no role for Kir6.2 in the mKATP.
Collectively, these data indicate that Kir6.2 is required for the full
response to IPC or diazoxide but is not involved in mKATP formation.

mitochondria; ischemic preconditioning; KATP channel; diazoxide

THE HEART AND OTHER ORGANS can be protected against ischemia-
reperfusion (I/R) injury via ischemic preconditioning (IPC),
wherein short periods of I/R can engage protective signaling
pathways to reduce the impact of a prolonged ischemic event
(23). The protective effects of IPC can be mimicked by openers
of ATP-sensitive potassium (KATP) channels. Since changes in
cardiomyocyte bioenergetics are known to occur during IPC
(11), the metabolic-sensing role of these channels has driven
interest in their potential role in cardioprotective signaling
(13, 24).

KATP channels comprise octamers of four inward-rectifying
potassium channel subunits (Kir6.1 or -6.2) and four sulfonyl-
urea receptors 1, 2A, or 2B (SUR1, -2A, or -2B), with different
Kir/SUR combinations giving rise to unique cellular roles,
locations, and pharmacological profiles (13). For example, the

cardiac surface KATP (sKATP) is Kir6.2/SUR2A. It plays a role
in cardiomyocyte volume regulation and stress responses (28)
and is activated by cromakalim but not diazoxide (DZX) (11,
33, 42). In contrast, the pancreatic sKATP is Kir6.2/SUR1,
which plays a role in insulin secretion and is activated by DZX
but not cromakalim (13).

Despite there being no effect of DZX on cardiac sKATP

channels (4, 9), DZX is known to mimic IPC and protect the
heart against I/R injury. This led to speculation on the exis-
tence of another DZX-sensitive KATP channel in the heart,
namely, the mitochondrial KATP (mKATP). However, previous
studies using Kir6.2�/� mice concluded that there was no role
for Kir6.2 in the formation of the mKATP, although channel
activity was determined only by the surrogate measurement of
mitochondrial flavoprotein oxidation rather than by direct mea-
surements of ion transport (33).

Furthermore, to date cardiac studies on Kir6.2 �/� mice (10,
11, 31–33) have used a pure-line breeding strategy [knockout �
knockout, purchasing or breeding a separate line of wild-type
(WT) controls]. Thus, while it was previously shown that
Kir6.2�/� mice cannot be protected by IPC, it is not clear
whether this is represents a true failure of IPC or is simply due
to a reported greater sensitivity of the knockout animals to
baseline I/R injury (vs. WT controls) (32, 33). Several factors
can conspire to alter the sensitivity of mouse hearts to I/R
injury (strain, vendor, diet, sex, shipping and handling, and
season) (12). Thus we sought to use a conventional breeding
strategy (heterozygous � heterozygous, with Mendelian off-
spring ratios, tail-clip PCR genotyping of all animals) to
determine whether Kir6.2 is truly required for IPC. Further-
more, we directly assayed mKATP channel activity in mito-
chondria isolated from WT and Kir6.2�/� littermate mice to
determine the role of this Kir in the mKATP.

The results herein show that Kir6.2�/� mouse hearts exhib-
ited identical sensitivity to baseline injury, compared with WT
littermate controls. Furthermore, both IPC and DZX-mediated
protection were blunted in Kir6.2�/�, indicating a role for the
channel in cardioprotective signaling. Notably, mKATP channel
activity was identical between WT and Kir6.2�/�-derived
cardiac mitochondria, indicating no role for this Kir in forming
the mKATP.

MATERIALS AND METHODS

Animals. All animals were maintained in an Association for Ac-
creditation of Laboratory Animal Care-accredited pathogen-free bar-
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rier facility with food and water available ad libitum. All procedures
were in accordance with the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals and were approved by an
Institutional Animal Care and Use Committee. Mice harboring dele-
tion of the KCNJ11 gene that encodes Kir6.2 were obtained with
permission from their originator Dr. Susumu Seino (Kobe University,
Japan) (20). These mice were reported to be backcrossed to the
C57BL/6 background for five generations and were backcrossed
herein for an additional two generations onto C57BL/6J (JAX, Bar
Harbor ME). Mice were conventionally bred (heterozygous Kir6.2�/� �
Kir6.2�/�, Mendelian offspring ratios), and resulting male WT and
Kir6.2�/� littermates (age, 8–10 wk) were used in all experiments.
Mice were genotyped by tail biopsy PCR using a mouse genotyping
kit (Kapa Biosystems, Woburn MA) according to manufacturer’s
protocol. Briefly, 2-mm3 tail fragments were digested in 10 �l of 10�
KAPA Express Extract Buffer plus 2 �l of 1 U/�l KAPA Express
Enzyme, brought to 100 �l with PCR-grade water and incubated at
75°C for 10 min, followed by 5 min at 95°C. Samples were centri-
fuged for 1 min at 2,000 g, and 70-�l supernatant were transferred to
fresh PCR tubes. The DNA amplification protocol (as per KAPA
mouse genotyping kit) was 95°C, 3 min; (95°C, 15 s; 62°C, 15 s; and
72°C, 30 s) � 35 cycles; 72°C, 3 min; and 4°C hold. The following
primers were used and yielded products of 390 bp for Kir6.2�/� and
223 bp for WT: forward F1, TCC CTG AGG AAT ATG TGC TGA
CC; reverse, AGG AAG GAC ATG GTG AAA ATG AGC; and Neo,
TCT GCA CGA GAC TAG TGA GAC G.

Isolated mitochondria, mKATP thallium flux assay. Mitochondria
were isolated from WT and Kir6.2�/� mouse hearts using differential
centrifugation in sucrose-based media, as previously described (37).
During the procedure, mitochondria were loaded with benzothiazole
coumarin-acetyoxymethyl ester (Invitrogen, Carlsbad, CA) for 10 min
at 25°C, as previously described (37, 39). Following isolation, ben-
zothiazole coumarin-acetyoxymethyl ester-loaded mitochondria were
subject to mKATP thallium flux (Tl� flux) assay, whereby Tl� serves
as surrogate for K� and where Tl� entry into mitochondria results in
dye fluorescence (�ex, 488 nm, and �em, 525 nm). mKATP activity was
monitored as a change in fluorescence following addition of Tl2SO4,
as previously described (37, 39).

Ex vivo perfused heart. Mice were anesthetized with Avertin (100
mg/kg ip), and an EKG reading was obtained. Corrected QT interval
was calculated as QT/(RR interval/100)0.5 (17). The aorta was can-
nulated in situ and rapidly transferred to a perfusion apparatus and
perfused without pacing in constant flow mode (4 ml·min�1·100
mg�1) with Krebs-Henseleit buffer (KH, in mM) 118 NaCl, 4.7 KCl,
25 NaHCO3, 10 glucose, 1.2 MgSO4, 1.2 KH2PO4, and 2.5 CaCl2,
gassed with 95% O2-5% CO2 at 37°C, as previously described (37). A

water-filled balloon connected to a pressure transducer was inserted
into the left ventricle via the mitral valve, and left ventricular pressure
was monitored using a pressure transducer (Radnoti, Monovia, CA),
connected to a digital recording device (DATAQ, Akron OH). Cor-
onary root pressure was also monitored in-line with the perfusion
cannula. After a 20-min equilibration period, the following protocols
were observed, as shown in Fig. 1: 1) I/R injury: 30 min perfusion, 30
min global ischemia, 60 min reperfusion; 2) IPC � I/R: 3 � 5 min
ischemia plus 5 min perfusion, and then I/R as above; 3) 5-hydroxyde-
canoate (5-HD) � IPC � I/R: 2 min perfusion with 5-HD (300 �M
final), 3 � 5 min ischemia plus 5 min perfusion with 5-HD present,
30 s washout, and then I/R as above; 4) 5-HD � I/R: 30 min perfusion
with 5-HD (300 �M), 30 s washout, and then I/R as above; 5) DZX
30 � I/R: 10 min perfusion, 20 min perfusion with DZX (30 �M),
30 s washout, and then I/R as above; 6) DZX 100 � I/R: 10 min
perfusion, 20 min perfusion with DZX (100 �M), 30 s washout, and
then I/R as above; 7) 5-HD � DZX 30 � I/R: 8 min perfusion, 2 min
perfusion with 5-HD (300 �M final), 20 min perfusion with DZX (30
�M final) plus 5-HD, 30 s washout, and then I/R as above; and 8)
pacing � I/R: I/R as above, but hearts were paced at 420 beats/min
(3-V amplitude, 2 ms duration square pulse) during the entire perfu-
sion period except for the initial 2 min of reperfusion. Each protocol
was performed on both WT and Kir6.2�/� animals for a total of 16
experimental groups. DZX and 5-HD stock solutions were prepared
fresh daily in DMSO and water, respectively, and the final concen-
tration of DMSO in perfusions never exceeded 0.2% (vol/vol). Com-
pounds were delivered into the perfusion cannula immediately above
the aorta. Following perfusion protocols, hearts were sliced, stained in
1% (wt/vol) 2,3,5-triphenyltetrazolium chloride (TTC) for 20 min,
and then fixed in 10% neutral buffered formalin for 24 h. Digital
images of slices were acquired and analyzed using Adobe Photoshop,
as previously described (37). Although baseline cardiac function was

Table 1. Electrocardiogram measurements from
avertin-anesthetized wild-type and Kir6.2�/� mice

WT Kir6.2�/�

Heart rate, beats/min 488 � 14 488 � 9
PR interval, ms 46.3 � 1.5 45.0 � 1.1
QRS duration, ms 16.9 � 0.5 16.6 � 0.5
Corrected QT, ms 52.0 � 0.9 52.7 � 1.1

Values are means � SE (N � 11) and were acquired using a rodent 3-lead
EKG. No significant differences were observed in any parameter between wild
type (WT) and K� inward rectifier subunits of the 6.2 isotype knockout
(Kir6.2�/�) mice (ANOVA).

Fig. 1. Heart perfusion protocols. Schematic showing 8 treatment proto-
cols applied to each genotype [wild-type (WT) and K� inward rectifier
subunits of the 6.2 isotype knockout (Kir6.2�/�)]. Gray shading repre-
sents ischemia; white bars represent perfusion. Drugs (concentrations in
�M) were added for the durations indicated. Pacing was at 7 Hz (420
beats/min) where indicated. I/R, ischemia-reperfusion; IPC, ischemic
preconditioning; 5-HD, 5-hydroxydecanoate; DZX, diazoxide; Veh,
vehicle.
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not different between the entire cohort of WT and Kir6.2�/� hearts
(N � 40, see Table 2), individual subgroups with N � 6–9 were
somewhat noisier; hence, cardiac functional data in Figs. 2 and 3 were
presented as percentages, relative to the initial value for each heart.

Statistics. Statistical significance (P 	 0.05) between multiple
groups was determined using analysis of variance (ANOVA) with
Bonferroni correction.

RESULTS

Blunted protective effect of IPC in Kir6.2�/� mouse hearts.
Following anesthesia (Avertin) and before heart isolation,
EKG was recorded on anesthetized mice. No significant dif-
ferences in measured parameters were observed between WT
and Kir6.2�/� (Table 1). Upon heart perfusion, all hearts
conformed to recently described criteria for perfused heart
studies (2), and no differences were observed in baseline
cardiac functional parameters (Table 2), consistent with previ-
ous reports (33). Upon exposure to global ischemia, Kir6.2�/�

hearts entered ischemic hypercontracture significantly faster
than WT and exhibited a greater degree of contracture (Table
2), consistent with previous reports (10).

As Fig. 2 shows, WT and Kir6.2�/� hearts exhibited similar
sensitivity to baseline I/R injury, yielding the same recovery of
function (rate � pressure product) and the same infarct size.
However, while IPC afforded a significant improvement in
functional recovery and infarct size in WT hearts, this effect
was blunted in Kir6.2�/� hearts, such that it did not reach
significance. These data are consistent with previous findings

Table 2. Hemodynamic parameters for WT and Kir6.2�/� ex
vivo perfused hearts exposed to ischemia-reperfusion injury

WT Kir6.2�/�

Baseline LVDP, mmHg 124.5 � 3.5 124.4 � 3.2
Heart rate, beats/min 335.5 � 8.4 327.6 � 8.6
Time to contracture, min 4.6 � 1.2 2.1 � 0.5*
Degree of contracture, mmHg 45.2 � 3.7 59.0 � 8.4*

Values are means � SE. LVDP, left ventricular developed pressure (systolic �
diastolic). Time to contracture was calculated as the time from onset of ischemia
to the start of ischemic hypercontracture. Degree of contracture was the peak
ventricular pressure during ischemia minus the pressure immediately before the
onset of ischemic hypercontracture. LVDP and heart rate were collected from the
initial parameters of all WT or knockout animals before treatment protocols
(N � 40), whereas other parameters relating to ischemic hypercontracture were
from ischemia-reperfusion-alone groups (N �6). *P 	 0.05 between WT and
Kir6.2�/� hearts (ANOVA).

Fig. 2. Blunted protective effect of IPC in Kir6.2�/� mouse hearts. Mouse
hearts were subjected to I/R injury, I/R with IPC, or I/R with both 5-HD and
IPC, as described in MATERIALS AND METHODS. A and B, left: ventricular
function [heart rate � pressure product (RPP)] was monitored throughout
perfusion and expressed as percentage of the initial value (see Table 2). WT
(A) and Kir6.2�/� (B) littermates are shown on separate axes for clarity.
Separate groups of hearts were subjected to I/R with 5-HD alone (no IPC), and
the final recovery data (120 min) are shown to the right of each graph.
C: following perfusion, hearts were sliced, stained with TTC, and formalin
fixed. The resulting live (red) and infarcted (white) tissue was quantified by
planimetry to determine infarct size, expressed as a percentage of area at risk
(100% in this global ischemia model). Images above the graph show repre-
sentative heart slices in actual color (top) and pseudocolor obtained by
thresholding and used for planimetry (bottom). All data are means � SE, and
N for each group is shown in parentheses (the same N values apply to A and
B also). *P 	 0.05 vs. I/R and †P 	 0.05 vs. IPC � I/R (ANOVA).
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in vivo (33). Furthermore, the protective effect of IPC was
blocked by the mKATP antagonist 5-HD in both WT and
Kir6.2�/� hearts, indicating that the remaining mild cardiopro-
tection afforded in the absence of Kir6.2 was likely due to a
mKATP channel. 5-HD alone was without effect on baseline I/R
injury (functional recovery: WT, 15 � 3%, and Kir6.2�/�, 22 � 7%;
infarct size: WT, 41 � 5%, and Kir6.2�/�, 37 � 5%; data shown to
the right of graphs in Fig. 2).

Blunted protective effect of DZX in Kir6.2�/� mouse hearts.
The antidiabetic drug DZX is a KATP channel opener and has
been extensively used to study the role of KATP channels in
cardioprotection. At appropriate concentrations (10–30 �M), it
is somewhat selective for the mKATP over the cardiac sKATP

(Kir6.2/SUR2A) (8, 18), although at higher concentrations it
has off-target effects such as inhibition of mitochondrial com-
plex II (18, 26). As shown in Fig. 3, we found that 30 �M DZX
was protective in WT hearts (improved functional recovery and
reduced infarct size), but this protection was blunted in
Kir6.2�/� hearts. Overall, results with 30 �M DZX (loss of
cardioprotection in Kir6.2�/�) were not as impressive as those
seen with IPC (Fig. 2) but trended in the same direction.
Importantly, the protective effects of 30 �M DZX were
blocked by the mKATP inhibitor 5-HD in both WT and
Kir6.2�/� hearts (Fig. 3), suggesting that the mitochondrial
channel is the bona fide target of low concentrations of DZX.
As we previously reported (35), 5-HD alone was without effect
on basal I/R injury.

When a higher concentration of DZX (100 �M) was used,
WT hearts exhibited no further improvement in post-I/R func-
tional recovery and even a slightly worse infarct size, com-
pared with hearts with 30 �M DZX. However, in Kir6.2�/�

hearts, 100 �M DZX elicited a significant improvement in
post-I/R functional recovery and a slight reduction in infarct
size, compared with 30 �M DZX (Fig. 3). Thus, in the
Kir6.2�/� heart, a higher concentration of DZX (associated
with off-target effects) is required to elicit cardioprotection.

mKATP channel activity is independent of Kir6.2. Despite
recent advances in this area (5), the molecular identity of the
mKATP remains unclear, and pharmacological evidence has
suggested it may be derived from a canonical KATP involving
Kir6.2 (3, 7, 26). However, mKATP channel activity has never
been directly measured in Kir6.2�/� mice. Herein we used a
mitochondrial Tl� flux assay, which follows K� channel-
mediated electrophoretic uptake of Tl� as a surrogate for K�

(37, 39) to investigate mKATP activity in mitochondria isolated

Fig. 3. Blunted protective effect of diazoxide in Kir6.2�/� mouse hearts.
Mouse hearts were subjected to I/R injury in the presence of 30 or 100 �M
DZX, or 30 �M DZX plus 300 �M 5-HD, as described in MATERIALS AND

METHODS (Fig. 1). A and B: left ventricular function (RPP) was monitored
throughout perfusion and expressed as percentage of the initial value (see
Table 2). WT (A) and Kir6.2�/� (B) littermates are shown on separate axes for
clarity. For comparative purposes, functional recovery data for I/R injury alone
(from Fig. 2) are shown to the right of each graph. C: following perfusion,
hearts were sliced, stained with TTC, and formalin fixed. The resulting live
(red) and infarcted (white) tissue was quantified by planimetry to determine
infarct size, expressed as a percentage of area at risk (100% in this global
ischemia model). Images above the graph show representative heart slices in
actual color (top) and pseudocolor obtained by thresholding and used for
planimetry (bottom). All data are means � SE; N for each group is shown in
parentheses. *P 	 0.05 vs. I/R (Fig. 1) and †P 	 0.05 vs. 30 DZX � I/R
(ANOVA).
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from WT and Kir6.2�/� hearts. This assay has been exten-
sively validated in mammalian and nematode mitochondria,
with genetic deletion of candidate proteins leading to ablation
of specific pharmacophore-stimulated Tl� fluxes (36, 37, 39).

The data in Fig. 4 show that baseline Tl� flux was inhibited
by ATP and that previously validated concentrations of the
mKATP channel openers DZX and atpenin A5 (39) were able to
overcome this inhibition and open the channel in both WT and
Kir6.2�/� mitochondria. Channel activity was blocked by
5-HD in both genotypes, and similar blockage was obtained
with the KATP blocker glyburide (data not shown). Overall,
these data indicate no role for Kir6.2 in mKATP activity.

DISCUSSION

The key findings of this study are that the cardioprotective
effects of IPC and DZX are blunted in Kir6.2�/� hearts,
relative to WT hearts from littermate controls. Furthermore,
mKATP channel activity is identical in mitochondria from WT
and Kir6.2�/� hearts. While these results are largely confir-
matory with regard to previous findings (33), there are a
number of important methodological distinctions that render
the current study more conclusive.

First, all cardiac studies to date on Kir6.2�/� mice have used
pure-bred knockout lines, comparing these animals with sepa-
rately bred lines of WT mice (10, 11, 31–33). Thus it was
concluded that part of the loss of IPC observed in Kir6.2�/�

mice could have been due to a greater baseline I/R sensitivity
in the knockouts (33). Our data using littermate control animals
(Fig. 1) show this is not the case, and the loss of IPC in

Kir6.2�/� hearts is due to loss of a component in IPC signal-
ing, not a change in baseline I/R sensitivity. Such a pattern is
common in the cardioprotection field; for example, ablation of
STAT3 abolishes protection by IPC while having no impact on
baseline I/R injury (29, 40). It is also notable that genetic
ablation of SUR2 increases resistance to I/R injury (30), but
this may be due to expression of short-form SUR2 splice
variants in the SUR2�/� knockout mouse, which are thought to
independently mediate cardioprotection (25, 41).

A second key difference between this and other previous
Kir6.2�/� heart studies was baseline cardiac function. Previ-
ously, a low perfusion rate of 3 ml/min was used, resulting in
starting left ventricular developed pressure (LVDP) values in
the 50–60-mmHg range (33). This is less than half of our
starting LVDP (Table 2), and a recent review on the perfused
heart technique recommended that hearts exhibiting LVDPs 	
60mmHg should be excluded from study (2). It is known that
Kir6.2�/� mice have an impaired response to stress (e.g.,
swimming) (14), and the lower ex vivo perfusion rate and
resulting LVDP may also indicate the hearts were stressed, such
that baseline I/R sensitivity would be greater in Kir6.2�/� (33).

Another important distinction between this and previous
studies is the pacing of hearts. Previous studies on ex vivo
Kir6.2�/� hearts (10, 33, 42) employed pacing at frequencies
of 420–600 beats/min, which may represent an additional
stress. Our studies (Figs. 2 and 3; and Tables 1 and 2) used
nonpaced hearts. When we examined the impact of pacing at
420 beats/min on the response of WT and Kir6.2�/� hearts to
I/R injury, a trend toward more damage in the knockouts was
observed, although this effect did not reach statistical signifi-
cance (Fig. 5). Overall, it is possible that the combination of
pacing, underperfusion, and nonlittermate WT controls may
have led to the erroneous conclusion that Kir6.2�/� hearts are
more sensitive to I/R injury.

At the level of isolated mitochondrial studies, further dis-
tinctions can be made between previous and current efforts.
Previously, a role for Kir6.2�/� in the activity of mKATP had
been precluded largely based on measurements of flavoprotein
fluorescence (33), which is an indirect measure of mitochon-
drial complex II redox state, related to mKATP by an unknown
mechanism (19). This indirect measure of K� channel activity

Fig. 4. Mitochondrial ATP-sensitive K� (mKATP) channel activity is indepen-
dent of Kir6.2. mKATP activity was determined using thallium (Tl�) flux assay
in mitochondria isolated from WT or Kir6.2�/� littermate hearts. mKATP

activators [DZX and atpenin A5 (AA5)] or inhibitor (5-HD) were present as
listed below the x-axis, before Tl� addition. Addition of Tl� resulted in a

fluorescence. The baseline 
fluorescence [control (Ctrl), 100%] was 37.6 �
4.7 and 34.7 � 5.9 arbitrary units in WT (white bars) and Kir6.2�/� (gray bars),
respectively. Data are means � SE; N for each group is shown in parentheses .
*P 	 0.05 vs. Ctrl, †P 	 0.05 vs. ATP, and ‡P 	 0.05 vs. ATP � DZX or ATP �
AA5 (ANOVA). Like symbols are not significantly different.

Fig. 5. Effect of pacing at 7 Hz (420 beats/min) on I/R injury in WT vs.
Kir6.2�/� hearts. Hearts were subjected to I/R injury as in Figs. 2 and 3 (see
MATERIALS AND METHODS). A: recovery of RPP at 120 min time point, as
percentage of initial. B: infarct size (% of area at risk). All data are means �
SE. Data for nonpaced hearts (white bars) are reproduced from Fig. 2 (N � 8
to 9). Data for paced hearts (gray-shaded bars) are N � 6. Although a trend to
greater injury was seen in paced Kir6.2�/� hearts, no significant differences
were observed between paced/nonpaced groups in either parameter (ANOVA).
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was further complicated by the use of a high concentration of
DZX (100 �M), which may have mKATP independent effects
[e.g., uncoupling or complex II inhibition (18, 26)]. We mea-
sured mitochondrial Tl� flux, which is a more direct measure
of actual mKATP activity, and used a low dose of DZX (10 �M)
or the potent mKATP agonist atpenin A5 (1 nM). This enables
a greater degree of confidence in the conclusion that Kir6.2�/�

is not part of the mKATP channel.
The molecular origin of the small amount of cardioprotec-

tion still present in Kir6.2�/� hearts exposed to IPC or 30 �M
DZX is unclear. It is known that Kir6.2�/� mice exhibit large
changes in the metabolic proteome (1) and IPC is known to
modulate energy metabolism (11). In addition loss of Kir6.2
has been reported to elicit a shortened action potential duration
in cardiac myocytes (33), which may alter responses to I/R
injury. Thus, long term effects of Kir6.2 loss may upregulate
other protective signaling pathways that can be recruited by
IPC or DZX in the absence of the channel. Furthermore, as Fig.
3 shows, higher concentrations of DZX were able to override
the lack of protection, possibly via recruitment of nonspecific
pathways. Notably, the fact that we saw a blunted cardiopro-
tective responses in Kir6.2�/� using a blood-free perfused
heart (Fig. 2) suggests the segment of protection that is attrib-
utable to Kir6.2 is a cardiac phenomenon and does not involve
leukocytes or other factors absent from the perfused heart.

Examining the data in our study altogether, an important
paradox arises: Kir6.2�/� is not part of the mKATP channel and
is not a target of DZX in isolated mitochondria, but DZX-
mediated protection (at appropriate concentrations) is still
blunted in Kir6.2�/� hearts. The off-target effects of DZX such
as inhibition of mitochondrial complex II (18, 26) are generally
thought to occur at high concentrations (100 �M), whereas
lower concentrations (e.g., 30 �M) are thought to be specific
for mKATP (4, 9). Notably, however, the sKATP blocker
HRM1098 can prevent DZX-induced cardioprotection in the
mouse (32) and can partially block DZX-induced cardiopro-
tection in the rabbit (34). While this might suggest sKATP

(which undoubtedly contains Kir6.2) is a target of DZX, the
fact that 100 �M DZX was protective in Kir6.2�/� hearts
suggests this is not the case. It is also possible that the different
effects of low versus high doses of DZX in WT versus
Kir6.2�/� hearts may represent a simple difference in the DZX
dose response.

The present conclusions that Kir6.2 is not involved in
mKATP and only minimally involved in IPC- or low-dose
DZX-mediated protection are somewhat consistent with a re-
cent report that the mKATP channel is derived from Kir 1.1 (the
renal outer medullary K� channel, ROMK) (5). However, the
assignment of ROMK as the mKATP conflicts with pharmaco-
logical data on the sensitivity of either channel to ATP and
fluoxetine (15, 16, 22, 38, 39).

Regarding the possibility that the mKATP channel may
contain the 6.1 isotype of Kir, although this channel is DZX
sensitive, several pieces of evidence rule down this protein as
a mKATP channel candidate, including studies on the pharma-
cological properties of the mKATP (39), dominant-negative
gene transfer models (27) and indirect measures of channel
activity (21). Moreover, commonly used antibodies that orig-
inally used to implicate Kir 6.1 as the mKATP were recently
shown to recognize off-target mitochondrial proteins (6). Fur-
thermore, we found that mKATP activity and IPC are indepen-

dent of all isotypes of Kir channel in Caenorhabditis elegans
(36), which suggests the mKATP might not contain a Kir at all.
Clearly, cardiac-specific knockouts of ROMK and other K�

channels may aid in elucidating the identity of mKATP and its
role in cardioprotection.

In conclusion, Kir6.2 plays a role in cardioprotection by
IPC, but not by forming the mKATP channel. Furthermore,
Kir6.2 appears to play only a partial role in cardioprotection by
low doses of DZX, with the remainder of DZX-mediated
cardioprotection being accounted for by other Kir6.2-indepen-
dent mechanisms, which are as yet unknown. Recent advances
in the genetic identification of mKATP components (5, 36)
suggest that future approaches should explore both Kir and
non-Kir genes as diverse candidates for both mKATP activity
and cardioprotection.
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