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Protein kinase Cε interacts with cytochrome c oxidase subunit IV and
enhances cytochrome c oxidase activity in neonatal cardiac myocyte
preconditioning
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We have previously identified a phorbol ester-induced PKCε
(protein kinase Cε) interaction with the (∼18 kDa) COIV [CO
(cytochrome c oxidase) subunit IV] in NCMs (neonatal cardiac
myocytes). Since PKCε has been implicated as a key mediator
of cardiac PC (preconditioning), we examined whether hypoxic
PC could induce PKCε–COIV interactions. Similar to our recent
study with phorbol esters [Ogbi, Chew, Pohl, Stuchlik, Ogbi and
Johnson (2004) Biochem. J. 382, 923–932], we observed a time-
dependent increase in the in vitro phosphorylation of an approx.
18 kDa protein in particulate cell fractions isolated from NCMs
subjected to 1–60 min of hypoxia. Introduction of a PKCε-
selective translocation inhibitor into cells attenuated this in vitro
phosphorylation. Furthermore, when mitochondria isolated from
NCMs exposed to 30 min of hypoxia were subjected to immuno-
precipitation analyses using PKCε-selective antisera, we observed

an 11.1-fold increase in PKCε–COIV co-precipitation. In ad-
dition, we observed up to 4-fold increases in CO activity after brief
NCM hypoxia exposures that were also attenuated by introducing
a PKCε-selective translocation inhibitor into the cells. Finally, in
Western-blot analyses, we observed a >2-fold PC-induced pro-
tection of COIV levels after 9 h index hypoxia. Our studies
suggest that a PKCε–COIV interaction and an enhancement of CO
activity occur in NCM hypoxic PC. We therefore propose novel
mechanisms of PKCε-mediated PC involving enhanced ener-
getics, decreased mitochondrial reactive oxygen species pro-
duction and the preservation of COIV levels.

Key words: cardiac hypoxia, cytochrome c oxidase subunit IV
(COIV), electron-transport chain, mitochondria, preconditioning
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INTRODUCTION

Cardiac ischaemic/hypoxic PC (preconditioning) is a paradoxical
response in which one or more brief cycles of oxygen deprivation
and reperfusion lead to protection against injury induced by
prolonged oxygen deprivation [1]. Experimentally, it is the most
powerful form of cardiac protection known and it has been de-
monstrated in cardiac myocytes [2–5], intact hearts [6,7] and many
animal species [8–11], including humans [12–14]. Downstream
signalling molecules reported to be involved in PC include ATP-
dependent potassium channels [4,12,15,16], PKC (protein kinase
C) isoenzymes [2,3,12,15,17,18], MAPK (mitogen-activated pro-
tein kinase) enzymes [19–21], tyrosine kinases [22–24],
PI3K (phosphoinositide 3-kinase) [22,25], heat-shock proteins
[5,16,26], nitric oxide [27–29], free radicals [21,25,30] etc.

Many studies have also implicated PKCε in PC. Gray et al. [2]
found that PKCε translocation was required for the induction
of hypoxic PC in NCMs (neonatal cardiac myocytes). These
authors used peptide-based inhibitors that block the translocation
of PKCε to its isoenzyme-selective anchoring protein or RACK
(receptor for activated C-kinase). Ping et al. [31] have established
that induction of the early or late phases of PC in conscious rabbits
triggered the translocation of the PKCε and PKCη isoenzymes
to the cardiac particulate fraction. Qiu et al. [32] found that
differential inhibition of PKCη, but not PKCε, translocation by
low concentrations of the PKC inhibitor chelerythrine allowed

the recovery of systolic ventricular wall thickening in rabbits,
while elevated concentrations of chelerythrine blocked PKCε
translocation and PC. This same group demonstrated that nitric
oxide was responsible for PC-induced PKCε activation and pro-
tection in rabbits [28] by a mechanism involving nitric oxide-
induced nitration of PKCε and enhanced PKCε interaction with its
intracellular RACK [28,29]. Evidence has also emerged that one
downstream mechanism of PKCε-mediated PC involves activ-
ation of the tyrosine kinases src and lck [23,24]. PKCε-induced
PC also appears to involve enhanced activities of MAPKs, JNKs
(c-Jun N-terminal kinases) and NF-κB (nuclear factor κB) and
AP-1 (activator protein-1) transcription factors [20]. PC has
been reported to involve the formation of signalling complexes
between PKCε and ERKs (extracellular-signal-regulated kinases)
inside cardiac mitochondria to promote the phosphorylation and
inhibition of the apoptotic protein Bad [19]. In addition, over-
expressed PKCε interacts with and inhibits the opening of the
MPTP (mitochondrial permeability transition pore) [33], which,
when open, is thought to play a major role in ischaemia/
reperfusion injury. Low-level expression of a constitutively
active PKCε in transgenic mice has been correlated with increased
cardiac protection, whereas elevated levels of this mutated form
of PKCε correlated with hypertrophy and heart failure [34]. Of
interest, PKCε knockout mice are largely unable to precondition
their myocardium [35,36]. In addition, expression of selective
translocation inhibitors of PKCε blocks cardiac protection, while
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a peptide activator of PKCε enhances cardiac protection in trans-
genic mouse hearts [37].

CO (cytochrome c oxidase) is a 13-subunit enzyme complex
positioned on the IM (inner mitochondrial membrane) of mam-
malian cells [38]. It is the last step in the mitochondrial ETC
(electron-transport chain) and is intricately involved in mitochon-
drial ATP production and maintenance of the IM proton gradient
[38,39]. In addition, when CO activity is inhibited or lost (as it
is during prolonged myocardial ischaemia [40]), ATP production
decreases and there are elevations of mitochondrial superoxide
production due to disruption of electron flow (‘electron leak’)
predominantly at ETC complexes I and III [39,40]. CO has also
been shown to be modulated by protein kinases. For example,
in vitro phosphorylation of COII (CO subunit II), COIII, COIV
and COVb by PKA (protein kinase A) has been reported pre-
viously [41]. Bender and Kadenbach [42] also presented evidence
that phosphorylation of COI on Ser441 by PKA switches on allo-
steric inhibition of complex IV by ATP. Miyazaki et al. [43]
reported that phosphorylation of COII by c-Src in osteoclasts
increases CO activity. Finally, our laboratory has previously
shown, using an in vitro phosphorylation assay, that the PKCε
isoenzyme phosphorylates COIV in particulate fractions isolated
from phorbol ester-treated NCMs [44].

In the present study, we have demonstrated a stable interaction
between PKCε and COIV, which correlates with a >2-fold en-
hancement of CO activity under conditions that precondition
NMCs. We propose that a PKCε-mediated enhancement of CO
activity during PC should improve the efficiency of electron
flow from cytochrome c to molecular oxygen after ischaemic
injury, which in turn would: (i) aid in maintenance of the IM
proton gradient and improve myocardial aerobic respiration and
(ii) reduce the production of ROS (reactive oxygen species) via
complexes I and III of the mitochondrial ETC. To our knowledge,
the present study is the first report of a PKCε modulation of CO
in cardiac PC or any cell type.

EXPERIMENTAL

Primary NCMs

Primary cell cultures were isolated from 1-day-old neonatal
Sprague–Dawley rats as described previously [45,46]. All work
with animals was conducted in compliance with The Declaration
of Helsinki, institutional, state and federal guidelines for the hu-
mane care and use of laboratory animals.

Induction of hypoxia in NCMs

For hypoxic PC and prolonged exposures to hypoxia, myocytes
were placed in a PlasLabs Anaerobic chamber equilibrated at
37 ◦C with humidified atmosphere containing 1% CO2, <0.5%
O2 and the balance N2. Hypoxic incubations were carried out
in glucose-free M199 medium as described previously [2]. A
Fyrite gas analyser was used to confirm O2 concentrations at or
below 0.5%. Normoxic incubations of myocytes were carried
out in a water-jacketed incubator gassed with 1% CO2 and 99%
air at 37 ◦C in M199 medium containing 5 mM glucose. The PC
method involves a 30 min period of hypoxia followed by a 30 min
normoxic period. A similar method has been described previously
[2].

LIVE/DEAD cell viability assays

Cell viability was confirmed using the LIVE/DEAD kit (Mol-
ecular Probes). Cells were grown on glass chamber slides as
described previously [2]. Culture medium was replaced with me-
dium containing 2 µM calcein acetoxymethyl ester and 4 µM pro-

pidium iodide. Cells were viewed using a Zeiss Axiophot micro-
scope equipped with a ×40 water immersion objective. All
viable cells were stained green by the calcein ester, but only
cells with compromised plasma membranes were stained red by
the propidium dye. A total of 15 random fields of cells were
selected and the numbers of green (live) and red (dead) cells
were counted. Results were expressed as percentage viability
(see Supplementary Figure 1 at http://www.BiochemJ.org/bj/393/
bj3930191add.htm).

Cell lysis and isolation of particulate cell fractions

The culture medium was removed and the cells were washed
twice in chilled Ca2+/Mg2+-free PBS. Unless otherwise indicated,
all other operations were conducted with chilled reagents on ice
or at 4 ◦C. Care was taken to siphon off all excess PBS. Cells were
scrapped from the dish in 350 µl of IB (inhibitory buffer; 50 mM
KH2PO4, 5 mM EDTA, 0.5 mM EGTA, 10 nM calyculin A,
5 mM Na4P2O7 and 25 µg/ml each of PMSF, leupeptin, aprotinin
and soya-bean trypsin inhibitor). Cells were triturated three times
in IB using a tuberculin syringe and a 22-gauge needle. Next, cells
were centrifuged at 100000 g for 30 min at 4 ◦C. The resulting
supernatants were assayed by adding 20 µl of the fraction to an
in vitro phosphorylation assay (see below). Particulate fractions
were then resuspended in IB plus 0.2 % Triton X-100 using
a tuberculin syringe and a 22-gauge needle. The solubilized
particulate fractions were then incubated on ice for 5 min. Two
more cycles of resuspension were carried out prior to transferring
20 µl aliquots of the particulate cell fraction into microfuge tubes
for the in vitro 32P incorporation (phosphorylation) assay.

In vitro phosphorylation assays

Particulate cell fractions isolated from NCMs as described above
were subjected to an in vitro assay for 5 min at room temperature
(22 ◦C). The final phosphorylation assay buffer consisted of
50 mM Tris/HCl (pH 7.4), 5 mM KH2PO4, 1 mM EDTA, 0.1 mM
EGTA, 2 nM calyculin A, 1 mM Na4P2O7, 5 µg/ml each of PMSF,
leupeptin, aprotinin and soya-bean trypsin inhibitor, 0.4 mM
free Mg2+ (calculated as described previously [47]), 10 µM [γ -
32P]ATP (3000 c.p.m./pmol), 1–3 of µg 1,2-sn-diacylglycerol
and 5 µg of phosphatidylserine in the presence and absence of
0.5 mM CaCl2. Reactions were terminated by the addition of SDS
Laemmli sample buffer at 90 ◦C. Samples were then heated for
5 min and subjected to SDS/PAGE.

Peptide synthesis and delivery into cells

PKC translocation inhibitor peptides [2,36,37,48–50] containing
the following sequences were synthesized at the Emory University
Microchemical Facility: (i) εV1-2 [EAVSLKPT; PKCε (amino
acids 14–21)], (ii) βC2-4 [SLNPEWNET; PKCβ (amino acids
218–226)], (iii) δV1-1 [SFNSYELGSL; PKCδ (amino acids 8–
17)] These peptides were then conjugated to the protein trans-
ducing domain of the HIV-Tat protein (amino acids 47–57)
as described previously [37]. An HIV-Tat carrier–carrier peptide
(YGRKKRRQRRR-YGRKKRRQRRR) was synthesized as a
control.

Electrophoresis, gel drying and autoradiography

Samples obtained from in vitro incubations or other analyses were
subjected to SDS/PAGE on 1 mm thick 13.5% (w/v) polyacryl-
amide gels by the method of Laemmli. It was essential to de-gas
our gel solutions for 45 min prior to casting gels for polymeriz-
ation. Gels were run overnight at approx. 3 mA per gel. When
in vitro 32P-labelling experiments were carried out, gel bottoms
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(containing the dye front) were removed and discarded. Gels
were dried in a Bio-Rad gel drying apparatus at 80 ◦C for 1 h,
and subjected to autoradiography and densitometry. All auto-
radiographs used for densitometry were scanned in the linear
range of detection.

Isolation of mitochondria from NCMs

Ten 100 mm dishes of NCMs were used for each treatment group.
Cells were washed twice in chilled MSE buffer (10 mM Tris/HCl,
pH 7.4, 220 mM mannitol, 70 mM sucrose, 1 mM EGTA, 2 mM
taurine, 1 mM carnitine, 1 mM Na2P4O7, 10 nM calyculin A and
20 µg/ml each of PMSF, soya-bean trypsin inhibitor, aprotinin
and leupeptin). Cells were then gently scraped from each
dish and collected in a total volume of 1 ml of MSE buffer and
incubated on ice with 0.025 unit of trypsin (Sigma Chemical) for
20 min. Cells were then subjected to Dounce homogenization.
The resulting homogenate was sequentially centrifuged twice at
500 g for 5 min to pellet nuclei and cell debris. The resulting
pellets were discarded and the 500 g (post-nuclear) supernatant
was then layered over Percoll/Optiprep gradients (see below).

Preparation of Percoll/Optiprep density gradients

The 500 g post-nuclear supernatant (prepared as described above)
was layered over a combination Percoll/Optiprep (Accurate
Chemical and Scientific, Westbury, NY, U.S.A.) gradient prepared
on the same day as follows. Each gradient was prepared in
Beckman-Ultraclear 14 mm × 89 mm centrifuge tubes. The first
step in gradient formation involved overlaying 1.74 ml of a 17%
(v/v) Optiprep solution on a 1.74 ml cushion of 35% Optiprep
solution. Next, 4.35 ml of a 6% (v/v) Percoll solution was
layered on top of the 17% Optiprep solution. All Optiprep and
Percoll solutions were prepared using MSE buffer as the diluent.
Gradients were stored on ice until use. Next, 4.2 ml of post-
nuclear supernatant was gently layered on top of the 6 % Percoll
portion of the gradient. All tubes were centrifuged in a Beckman
SW.41 swinging bucket rotor at 50000 g for 30 min using the
lowest acceleration and deceleration speeds. Using this procedure,
mitochondria partition at the 17%/35% Optiprep interface. Mito-
chondria were removed from each gradient using a Pasteur pipette
and placed on ice until use in co-IP (co-immunoprecipitation) and
CO assays.

CO activity assays

Intact mitochondria were solubilized and assayed for CO activity
using a commercially available kit (Sigma Chemical) as described
previously [43]. Assays were conducted for 1 min (initial rates)
at 25 ◦C in duplicate. The kit measures the oxidation of ferrocyto-
chrome c to ferricytochrome c via the activity of CO. CO activity
is therefore monitored as a decrease in absorbance at 550 nM.
Equivalent amounts of protein for each mitochondrial extract were
assayed.

IP (immunoprecipitation) method

Anti-PKCε or anti-COIV antiserum (5 µg/ml each) was chemi-
cally coupled with 500 µl of Bio-Rad Affi-gel according to the
manufacturer’s instructions. Bound antiserum was pelleted at
300 g for 10 min and resuspended in IP buffer (150 mM NaCl,
20 mM Tris/HCl, pH 7.4, 10 mM EDTA, 1% Triton X-100, 1 mM
Na2P4O7 and 10 nM calyculin A). Intact mitochondria were added
to the IP buffer such that the final volume of the immunoprecipitate
was 1 ml. Solubilized mitochondria were incubated with 150 µl of
antibody-coupled Affi-gel with agitation at 4 ◦C for 4 h overnight.
Affi-gel immunoprecipitates were pelleted at 300 g for 10 min and

washed three times in IP buffer. After the final wash, the resulting
Affi-gel pellets were solubilized in SDS/PAGE sample buffer with
90 ◦C heating. The solubilized proteins were liberated by pelleting
the Affi-gel at 1000 g for 5 min. The supernatants from each IP
were subjected to SDS/PAGE (15 % polyacrylamide).

Western-blot analyses

Western blotting was carried out as described previously [46].

Statistical analysis

Results were expressed as means +− S.E.M. Differences from con-
trol values were considered statistically significant at P � 0.05
using the unpaired Student’s t test.

RESULTS AND DISCUSSION

Hypoxia induces PKCε-mediated in vitro phosphorylation of an
approx. 18 kDa protein in NCMs

It has previously been demonstrated that a 30 min hypoxia expo-
sure induces a PKCε-mediated PC of NCMs against prolonged
hypoxia-induced cell death [2]. In the present study, we have con-
firmed this result in each of our experiments (results not
shown). In addition, we have previously demonstrated that pre-
ferential activation (translocation) of the PKCε isoenzyme by
3 nM 4β-PMA [46] induces the in vitro phosphorylation of COIV
in NCM particulate fractions [44]. As PKCε is activated during
PC, we hypothesized that a brief PC (hypoxia exposure) would
also induce the in vitro phosphorylation of COIV by PKCε
in NCMs. Figure 1 demonstrates a time-dependent in vitro phos-
phorylation of an approx. 18 kDa protein in particulate fractions
isolated from NCMs exposed to hypoxia. The in vitro phos-
phorylation of the approx. 18 kDa protein reached a peak at
approx. 5 min of hypoxia and remained elevated by >2-fold above
normoxic control levels for 1 h. Given the similarity between this
PC-induced response and that observed following 3 nM 4β-PMA
treatment [44], we hypothesized that the approx. 18 kDa protein
was COIV and that PKCε and COIV may interact to play a role
in cardiac PC.

Introduction of a PKCε-selective translocation inhibitor into NCMs
attenuates the hypoxia-induced in vitro phosphorylation of the
approx. 18 kDa protein

To confirm that the hypoxia-induced in vitro phosphorylation of
COIV involved PKCε, we introduced a PKCε-selective trans-
location inhibitor coupled with the protein transduction domain
of the HIV-Tat protein into cells prior to a 30 min hypoxia
exposure (Figure 2). A Tat-carrier peptide control and PKC iso-
enzyme-selective translocation inhibitors directed against the
classical PKC isoenzymes [2,37,48,49] were also tested. Fol-
lowing hypoxia, particulate cell fractions were isolated and sub-
jected to the in vitro phosphorylation reactions. Introduction of
the PKCδ-selective translocation inhibitor (δV1-1) or the classi-
cal PKC inhibitor βC2-4 into NCMs prior to hypoxic exposure
did not attenuate the in vitro phosphorylation of COIV (Fig-
ure 2). Of interest, we observed a 1.9 +− 0.1-fold increase (n = 3,
P < 0.01) in the in vitro 32P labelling of the approx. 18 kDa pro-
tein in particulate fractions isolated from cells receiving the δV1-
1 (PKCδ)-inhibitory peptide (Figure 2). We are currently investi-
gating the mechanism (direct or indirect) by which inhibition
of the PKCδ isoenzyme enhances the in vitro phosphorylation of
the approx. 18 kDa protein. In contrast, the PKCε translocation
inhibitor inhibited the in vitro 32P labelling of the approx. 18 kDa
protein by 79 +− 15% (n = 3, P < 0.05). Our results are consistent
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Figure 1 Brief hypoxia induces in vitro 32P labelling of an approx. 18 kDa
protein

NCMs were exposed to 0–60 min of hypoxia, and particulate cell fractions were then subjected
to an in vitro 32P-labelling reaction with [γ -32P]ATP as described in the Experimental section.
The reaction mixture was then subjected to SDS/PAGE and autoradiography. Molecular-mass
sizes are given in kDa. The arrow points to a protein of approx. 18 kDa. (A) A typical auto-
radiograph from these analyses is shown. (B) Means +− S.E.M. densitometry values for four
independent experiments each taken from a separate myocyte preparation. All hypoxia treatment
groups were significantly different from the normoxic control value at or below the P < 0.05
level.

Figure 2 A PKCε-selective translocation inhibitor attenuates the in vitro
32P labelling of the approx. 18 kDa protein

NCMs were preincubated for 30 min in the presence of control (HIV-Tat carrier) peptide, the
classical PKC inhibitor βC2-4, the PKCδ translocation inhibitor δV1-1 or the PKCε-selective
translocation inhibitory peptide (εV1-2) as described in the Experimental section. Next, cells
were given a 30 min hypoxic incubation. Cell particulate fractions were then harvested and
subjected to in vitro 32P-labelling reaction, SDS/PAGE, gel drying and autoradiography (see
the Experimental section). The autoradiograph shown in the upper part of the Figure is from a
single representative experiment. The histograms in the lower part of the Figure are the means +−
S.E.M. for three independent experiments, each conducted on a separate myocyte prepar-
ation.

with hypoxic PC of NCMs being associated with the translocation
of the PKCε isoenzyme to the particulate cell fraction and the
subsequent in vitro 32P labelling of the approx. 18 kDa protein by
PKCε (Figure 2).

The PKCε isoenzyme co-precipitates with COIV following exposure
of NCMs to hypoxia

COIV exists in the IM and has exposed regions on the matrix side
of the IM. Previous Western-blot studies, however, have indicated
that little PKCε exists inside mitochondria in the basal state,
suggesting that PKCε must translocate to mitochondria following
PC in order to interact with COIV. Following activation, PKCε has
been reported to exist inside mitochondria isolated from mouse
hearts [33], NCMs [51] and guinea-pig cardiac myocytes [52].
For example, Baines et al. [19] found that PKCε forms intra-
mitochondrial signalling complexes with MAPK following PC
of mouse myocardium. Lawrence et al. [51] reported enhanced
PKCε levels in mitochondria isolated from NCMs exposed to
the cardioprotective drug urocortin. Ohnuma et al. [53] reported
PC/diazoxide-induced translocation of PKCε to mitochondria in
rabbit hearts. There has also been a report of Gqα receptor-
induced PKCε translocation to mitochondria isolated from human
atrial appendage tissue exposed to PC [54]. These reports of
PKCε localization in mitochondria, the hypoxia-induced in vitro
labelling of the approx. 18 kDa protein (Figures 1 and 2), and our
previous phorbol ester studies [44] suggested to us that PKCε may
interact with COIV in cardiac PC. We therefore administered nor-
moxia (control) or 30 min of hypoxia to NCMs. Cells were then
gently scraped from dishes and lysed in MSE buffer, and intact
mitochondria were isolated using Percoll/Optiprep density gradi-
ents as described in the Experimental section. We next conducted
IPs using anti-PKCε antisera and then probed for COIV in
Western blots (Figure 3A). We observed a 11.1 +− 2.9-fold (n = 6,
P < 0.03) increase in PKCε–COIV co-precipitation in cells
subjected to hypoxic PC. We then repeated the IPs using anti-
COIV antisera and probed in Western blots using anti-PKCε
antisera (Figure 3B). Following 30 min of hypoxia, we observed
means +− S.E.M. increases in PKCε co-IP with COIV-selective
antisera above normoxic control levels of 8.2 +− 2.7-fold (n = 3,
P < 0.03). These results were consistent with a 30 min NCM hyp-
oxia exposure triggering an interaction between PKCε and COIV
inside NCM mitochondria. We propose that the PKCε–COIV in-
teraction occurs on the matrix side of the IM, but future studies
employing mitochondrial subfractionation and/or immunoelec-
tron microscopy techniques will be required to confirm this hypo-
thesis. We are currently conducting these studies. We are also
currently pursuing studies to determine the nature of the PKCε–
COIV interaction (e.g. substrate–enzyme interactions and direct
binding partner). Finally, despite the fact that we used density-
gradient-purified mitochondria, we cannot completely rule out the
possibility that contaminants from non-mitochondrial fractions
contributed to the PKCε–COIV interaction.

Biphasic effects of hypoxia on CO activity in NCMs

We next determined if the hypoxia-induced PKCε–COIV inter-
action was associated with changes in CO activity. NCMs were
exposed to hypoxia for 0–180 min, mitochondria were isolated
under isotonic conditions and CO activity was monitored as
described in the Experimental section. When mitochondria iso-
lated from NCMs exposed to hypoxia for up to 60 min were
monitored in the absence of the detergent D-β-M (n-dodecyl-β-
maltoside), less than 5 % of the total CO activity was observed
(Figure 4, hatched bars). This indicated that the majority of the
CO activity resided inside intact mitochondria. In contrast, in
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Figure 3 PKCε and the COIV subunit co-immunoprecipitate following
exposure of NCMs to hypoxic PC

NCMs were exposed to normoxic (Con) or 30 min hypoxia (Hx 30′) as shown. Mitochondria
isolated from each treatment group were then subjected to IPs using antisera selective for the
PKCε (A) isoenzyme or COIV (B). Immunoprecipitates were then subjected to SDS/PAGE and
electrotransferred on to nitrocellulose paper followed by Western-blot analyses using anti-COIV
(A) or anti-PKCε (B) antisera and 125I-labelled Protein A detection (see the Experimental section).
Molecular-mass standard migrations (kDa) are indicated on the left side of each autoradiograph.
Means +− S.E.M. densitometry data were taken from three independent experiments, each from
a separate myocyte preparation.

Figure 4 Brief hypoxia enhances CO activity in NCMs

Cells were exposed to hypoxia for the time periods shown followed by isolation of mitochondria
(see the Experimental section). Mitochondria were then assayed for CO activity in the absence
(hatched bars) or presence (open bars) of 1 mM D-β-M detergent. Results shown are
means +− S.E.M. for a single experiment conducted in duplicate and are representative of
four identical experiments, each taken from a separate myocyte preparation.

assays using D-β-M-solubilized mitochondria, there was a time-
dependent hypoxia-induced enhancement of CO activity that
reached a peak at approx. 10 min and remained elevated at least
2-fold above normoxic control levels for up to 60 min. However,
after 90–180 min of hypoxia, the CO activity decreased to back-
ground levels, which may reflect dramatic reductions in complex
IV activity, as was previously reported after prolonged myocardial
ischaemia [40]. The means +− S.E.M. of CO activity (expressed as
a percentage of normoxic control) after 10, 60 and 180 min of
hypoxia were 343 +− 38, 219 +− 16 and 26 +− 11 (n = 4, each group
P < 0.01 versus control) respectively.

In contrast with our findings, however, there have been pre-
vious reports suggesting that uncoupling of the mitochondrial
ETC contributes to cardiac PC in adult rat hearts. For example,
Ganote et al. reported potassium cyanide (KCN) [55] and DNP
(2,4-dinitrophenol) [56]-induced cardiac protection against is-
chaemia/reperfusion injury in ex vivo adult rat hearts. Lesnefsky
et al. [57] found that perfusion of adult rat hearts with the
complex I inhibitor rotenone for 1 min prior to and during 45 min
of ischaemia induced cardiac PC. Additionally, Holmuhamedov
et al. [58] reported that the mKATP (mitochondrial ATP-dependent
potassium) channel-opening drugs diazoxide and pinacidil had
protonophoric effects on adult rat hearts to uncouple mitochon-
drial membrane potential as a mechanism of PC. The precise
reasons for the discrepancy between our results and theirs are
incompletely understood, but could involve differences in model
systems, the use of neonatal versus adult heart cells and protocol
differences. For example, neonatal heart cells rely more heavily
on glycolytic metabolism than adult heart cells [59] and they
are considerably more resistant to damage related to oxygen de-
privation than the adult myocardium. Therefore differences in
the mechanisms of PC in neonatal versus adult myocardium may
exist. We would also like to point out that these studies [55–58]
did not confirm the involvement of the PKCε isoenzyme in PC,
opening the possibility that they may have been studying an
altogether different cardioprotective mechanism(s) than we did. In
addition, it is not clear that inhibition of ETC function is the direct
cause of protection. In one study, Ganote et al. [56] used 5 mM
KCN in Langendorf perfusates to uncouple complex IV prior to re-
perfusion after 45 min of ischaemia. It is likely that 45 min of
ischaemia would by itself inhibit complex IV substantially and
therefore the proposed protective mechanism of KCN would be
related to its continuous inhibition of complex IV during re-
perfusion. This method is very different from the one we used,
and it is entirely possible that both methods (ours and those of
[55–58]) could induce protection, particularly in light of the fact
that, in recent studies, cardiac post-conditioning (i.e. pharma-
cological treatments or brief periods of reperfusion and ischaemia
prior to a prolonged reperfusion) in cardiac myocytes has been
shown to produce equal protection as the PC methods [60]. These
results must be tempered, however, by the exceptionally high
level of KCN used in their study. The action of cyanide to inhibit
complex IV involves protonation of the cyano anion followed
by its binding to the cytochrome a3-Cu2+ binuclear centre of COI.
This inhibits O2 binding to that site and is essentially irreversible
(predicted t1/2 for CN− release is approx. 138 h) [61], which brings
into question how irreversible inhibition of CO could be protective
in the long term, as subsequent aerobic respiration would then be
inhibited. In addition, 120 µM blood levels of cyanide are fatal in
man [62], and KCN potently inhibits other enzymes, including
carbonic anhydrase [63], superoxide dismutase [64], phos-
phorylase [65] and several gluco- and galacto-sidases [66]. There
has also been a report suggesting that KCN inhibits stimulus-
induced mobility shifts (suggestive of autophosphorylation) of
the PKCα, PKCβ2 and PKCε isoenzymes in smooth muscle cells
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[67]. In addition, these authors replaced glucose in ischaemic in-
cubations with 10 mM concentrations of mannitol to maintain
the physiological osmotic pressure. They also included mannitol
during reperfusions, which does not mimic physiological re-
perfusion and would necessitate greater dependence on glycogen
and fatty acid oxidation. It is also well known that mannitol at
this concentration can alter coronary flow, have antioxidant effects
and alter nitric oxide levels [68], and mannitol alone has been pre-
viously shown to decrease myocardial ischaemia/reperfusion
injury [68,69].

Similarly, in studies using DNP to induce protection, it is also
unclear that ETC uncoupling is the mechanism of PC. DNP is a
more selective mitochondrial uncoupler than KCN, but it has also
been reported to inhibit the sarcolemmal NADPH dehydrogenase
[70] and alter the activity of the actomyosin ATPase in skeletal
muscle [71]. However, the major complication in the inter-
pretation of these results is that DNP (and metabolic inhibition
in general) uncouples ATP production, which will promote the
accumulation of AMP in cardiac and other cells. An elevation
in the AMP/ATP ratio will activate AMPK (AMP-dependent
protein kinase) that, in general, will inhibit enzymatic processes
consuming ATP and facilitate activation of those producing ATP
[72]. For example, AMPK will phosphorylate and enhance the
activities of glycolytic enzymes such as phosphofructokinase 2,
which in turn increase glycolytic ATP production. Active AMPK
also increases the translocation of glucose transporters to the
sarcolemma, which greatly facilitates glucose uptake. Of interest,
these actions of DNP have been demonstrated in cardiac myo-
cytes [73]. ETC uncoupling does not appear to be required for this
protection, as agonists that activate AMPK without mitochondria
uncoupling produce the same effects [72]. Furthermore, these
treatments also activate p38 MAPK [73], which (in the absence
of irreversible mitochondrial uncoupling) also produces cardio-
protection [19–21]. AMPK also inhibits acetyl-CoA carboxylase
and HMG-CoA reductase (3-hydroxy-3-methylglutaryl-CoA re-
ductase), which will increase fatty acid oxidation in heart and
also lower cholesterol levels. In this context, it is important to
note that statins (HMG-CoA reductase inhibitors) have previously
been reported to have protective actions on the myocardium
independent of mitochondrial ETC uncoupling, indicating that
certain statin-like actions may also be evoked as a component
of DNP actions. AMPK also increases the gene expression of
numerous metabolic enzymes, including bioenergetic mitochon-
drial proteins [72].

In the studies by Lesnefsky et al. [57], 60 µM concentration of
the irreversible ETC complex I inhibitor rotenone administered to
ex vivo rat hearts prior to prolonged ischaemia (without washout or
reperfusion) prevented ROS production and inhibition of complex
IV activity. It is very possible that different signalling mechanisms
could be induced by their experimental conditions from those
evoked in our NCM model of hypoxic PC, particularly since their
study involved continuous incubation with rotenone throughout
the index ischaemia period. We propose that PC may occur via
inhibition of complex I with rotenone and via an independent
mechanism involving enhancement of complex IV. The observed
phenotype may also be highly dependent on the model system
(neonatal versus adult) and the timing (pretreatment versus con-
tinuous throughout index ischaemia) of the PC stimulus.

In the studies by Holmuhamedov et al. [58] using diazoxide and
pinacidil, there was no evaluation of extensive drug time courses,
and complex IV activity was not directly monitored. It is possible
that early times of mKATP channel opener treatment may have re-
vealed the enhancement of CO activity that we observed. There is
also controversy over the role of the mKATP channel and the
actions of diazoxide and pinacidil in the induction of PC [74].

Figure 5 Hypoxia-induced increases in CO activity are attenuated by
introduction of a PKCε-selective translocation inhibitor

NMCs were preincubated with HIV-Tat coupled control (left) or PKC isoenzyme-selective
translocation inhibitor peptides as described in the Experimental section. Next, cells were
given normoxic (N) or hypoxia (Hx) exposures for 20 min and mitochondria were isolated
from Optiprep density gradients as described in the Experimental section. CO activity was then
monitored in all groups using a spectrophotometric method, which detects the oxidation of
ferrocytochrome c to ferricytochrome c (see the Experimental section). Shown are mean +− half
range data for a single experiment assayed for CO activity in duplicate. Results are typical of two
identical experiments, each taken from a different myocyte preparation.

In addition to diazoxide/pinacidil effects on mKATP channels,
there have been reports of this drug class to directly inhibit ETC
complex II, promote the opening of the MPTP, induce changes
in mitochondrial matrix volumes, cause release of mitochondrial
Ca2+, adenylate kinase and cytochrome c and other effects [74].
There has also been a report demonstrating a lack of ETC un-
coupling and increased O2 consumption (as could occur with
enhanced cytochrome oxidase activity) in mKATP channel activ-
ator-induced PC [74]. We therefore believe that the evidence
supporting an uncontested role for mitochondrial ETC uncoupling
to play a direct role in cardiac PC is controversial and does not
rule out the possibility that enhanced CO activity could contribute
to cardioprotective mechanisms.

Hypoxia-induced elevation of CO activity is attenuated by a
PKCε-selective translocation inhibitor

We next determined if the enhancement of CO activity observed
following brief hypoxia exposures was mediated by the PKCε
isoenzyme (Figure 5). NCMs were first incubated in the pre-
sence of 1 µM concentrations of control or PKCε-selective
translocation inhibitor peptides for 30 min. To facilitate cell entry,
these peptides were chemically coupled with the HIV-Tat carrier
peptide as described previously [37]. Cells were then subjected
to a 30 min hypoxia exposure. In the carrier control and δV1-1
peptide groups, we observed 2.8 +− 0.6 and 2.7 +− 0.2 (n = 2)-fold
enhancements of CO activity following a 30 min exposure to
hypoxia. There was no statistically significant difference be-
tween hypoxia-induced enhancement of CO activities in the
carrier control versus the δV1-1 group (P < 0.7). In contrast,
the PKCε-selective translocation inhibitor (εV1-2) markedly
attenuated the hypoxia-induced increase in CO activity to just
0.9 +− 0.2-fold (P < 0.04) above normoxic control levels (Fig-
ure 5). Our results are therefore consistent with the PKCε iso-
enzyme mediating hypoxia-induced enhancement of CO activity
under conditions that induce PC in NCMs.

Hypoxic PC of NCMs protects COIV levels

To determine if PC had effects on COIV levels that could be
detected following prolonged index, hypoxic cells were subjected
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Figure 6 Hypoxic PC preserves COIV levels in NCMs

NCMs were subjected to control (normoxic), PC (30 min hypoxic/30 min reperfusion period)
followed by 9 h of (index) hypoxia (PC + 9 h) or 9 h of hypoxia alone. Cells were lysed and
mitochondria were isolated from Percoll/Optiprep gradients as described in the Experimental
section. COIV levels were then monitored in mitochondria isolated from each treatment group
by Western blotting using anti-COIV antisera. Similar results were obtained whether whole
cell lysates or purified mitochondria were used, indicating that the observed changes occur
inside mitochondria. Shown in the upper part of the Figure is a representative autoradiograph
in which samples from two independent experiments, each conducted on a separate myocyte
prepapration, are shown. Note that each histogram bar corresponds to two gel lanes (one
from each experiment). Lanes 1, 3 and 5 are from the same experiment and lanes 2, 4 and
6 are from a second experiment. The histogram shows means +− S.E.M. densitometry values
taken from four independent experiments conducted on separate myocyte preparations.

to control, PC + 9 h index hypoxia or 9 h index hypoxia alone.
Next, mitochondria isolated from each treatment group were sol-
ubilized and subjected to Western-blot analyses. Equal amounts
of mitochondrial protein from each treatment group were used
for these analyses. Similar results were obtained using whole
cell lysates (results not shown), ruling out the possibility that
differences in COIV subcellular localization could explain the
index hypoxia-induced decline in COIV levels. Figure 6 (lanes 1
and 2 versus lanes 5 and 6) shows a clear decline in COIV levels
when normoxic controls were compared with cells receiving a 9 h
index hypoxia (a 61% decrease; n = 4). In contrast, cells receiving
a 30 min hypoxic PC step prior to the 9 h index hypoxia showed
only a 13% (n = 4) decrease in COIV levels. The preservation
of COIV levels in the PC + 9 h hypoxia (compared with the
cells receiving 9 h hypoxia alone) was statistically significant
(P < 0.02). Since we observe augmentations of CO activity
(Figure 5) and enhanced COIV–PKCε interactions (Figure 3)
during much shorter PC periods (and COIV levels are not
affected under those conditions (results not shown), the PC-
induced enhancement of these parameters cannot be explained by
changes in COIV levels during the early phases of PC. However,
when PC is administered before prolonged hypoxia, an additional
protection may occur by preserving COIV levels and ETC
function. Determination of whether the PC-induced protection of
COIV levels involves modification of COIV nuclear gene expres-
sion (i.e. COIV is coded for in the cell nucleus) or protein syn-
thesis, stability, degradation or import into mitochondria will
require further study.

Significance of mitochondrial PKCε–COIV interactions in PC

In the present study, we have identified a PC-induced PKCε–
COIV interaction in NCM mitochondria (Figure 3) that is associ-
ated with a 2–4-fold enhancement of CO activity (Figure 4). This
is the first report of hypoxia-induced modulation of CO activity
by the PKCε isoenzyme. We do not believe that CO activity is
enhanced throughout the entire prolonged (9 h) index ischaemia.
In fact, Figure 4 illustrates a dramatic reduction in CO activity
following 90–180 min of hypoxia. We therefore hypothesize that

early enhancement of CO activity during short (� 60 min) hypoxia
exposure sets in motion a protective response that can be observed
following 9 h of hypoxia in NCMs. It should be noted, however,
that our study employed NCMs, which are highly resistant to
hypoxic damage when compared with adult cardiac cells. In
addition, we did not examine the effects of reperfusion after
index hypoxia, which is where a major component of ischaemia/
reperfusion injury occurs in the adult myocardium. Future studies
will be required to determine if the responses observed in the
present study occur in the adult myocardium and to determine
their relationship to protective mechanisms operational in adult
mammalian ischaemia/reperfusion injury. We therefore propose
a novel potential mechanism of PC involving PKCε regulation
of the ETC via interactions with COIV. PKCε enhancement of
CO activities should improve the efficiency of electron flow from
cytochrome c to molecular oxygen and enhance proton efflux
out of the mitochondrial matrix [75]. These combined activities
aid in maintenance of the mitochondrial inner membrane electro-
chemical gradient and aerobic respiration. In support of our hypo-
thesis, improved preservation of ATP levels following adenosine
and other PC exposures has been previously reported [76] and
could be related (at least in part) to changes in complex IV activity.
Also of interest, CO inhibition shifts other ETC complexes to a
more reduced state, which favours the production of superoxide
from ETC complexes I and III [39,40]. Therefore enhanced CO
activities should reduce ROS production via improved electron
flow through complexes I and III and, consequently, prevent
oxidative damage to heart cells. CO activity also declines during
cardiac ischaemia or metabolic inhibition by cyanide or elevated
levels of carbon monoxide or nitric oxide [39,40]. PKCε activation
and modulation of CO in these states may, therefore, attenuate CO
inhibition and ROS production.

It is well known that the PKCε isoenzyme induces cardio-
protection during cardiac PC [2,19,20,24,28,29,31,33–37,49].
Many mitochondrial signalling events have been proposed to con-
tribute to this protection including the formation of signalling
modules between PKCε and MAPKs [19], inhibition of the MPTP
[33] and elevation of mitochondrial ROS [77,78]. Our work
does not challenge any of these potential mechanisms of PC.
Instead, we hypothesize that PKCε modulation of CO could work
in synergy with many of them. For example, PKCε inhibition
of the MPTP [33] preserves mitochondrial cytochrome c levels
necessary for complex IV activity. Enhanced CO activity and
decreased ROS production may also prevent or delay MPTP
opening by indirectly affecting mitochondrial membrane poten-
tials. It is also likely that enhanced energetics and decreased
ROS production would influence many other mitochondrial PKCε
signalling events as well. We therefore propose potential roles
for the PKCε isoenzyme in NCM mitochondrial energetics and
ROS production, which may be of significance in myocardial
ischaemia/reperfusion damage, metabolic inhibition by cyanide,
carbon monoxide or nitric oxide and in protection induced by
cardiac PC.
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