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Recent epidemiological studies indicate beneficial effects of mod-
erate ethanol consumption in ischemic heart disease. Most studies,
however, focus on the effect of long-term consumption of ethanol.
In this study, we determined whether brief exposure to ethanol
immediately before ischemia also produces cardioprotection. In
addition, because protein kinase C (PKC) has been shown to
mediate protection of the heart from ischemia, we determined the
role of specific PKC isozymes in ethanol-induced protection. We
demonstrated that (i) brief exposure of isolated adult rat cardiac
myocytes to 10-50 mM ethanol protected against damage induced
by prolonged ischemia; (ii) an isozyme-selective £éPKC inhibitor
developed in our laboratory inhibited the cardioprotective effect
of acute ethanol exposure; (iii) protection of isolated intact adult
rat heart also occurred after incubation with 10 mM ethanol 20 min
before global ischemia; and (iv) ethanol-induced cardioprotection
depended on PKC activation because it was blocked by cheleryth-
rine and GF109203X, two PKC inhibitors. Consumption of 1-2
alcoholic beverages in humans leads to blood alcohol levels of ~10
mM. Therefore, our work demonstrates that exposure to physio-
logically attainable ethanol levels minutes before ischemia pro-
vides cardioprotection that is mediated by direct activation of ePKC
in the cardiac myocytes. The potential clinical implications of our
findings are discussed.
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pidemiological and animal studies demonstrate that moder-

ate ethanol consumption correlates with decreased morbid-
ity and mortality from ischemic heart disease (1-3). The car-
dioprotective effect of ethanol has been attributed to modulation
of blood lipoproteins and reduced platelet activation and throm-
bosis (4). However, other studies suggest a direct protective
effect of ethanol on the heart muscle (1, 5-8).

What are the molecular mechanisms by which ethanol could
exert direct cardioprotective effects? Although ethanol causes
changes in the biophysical and biochemical properties of mem-
branes, ethanol also interacts directly with membrane proteins to
alter their activity. In a variety of cell models, ethanol exposure
modulates both cAMP-dependent protein kinase-mediated sig-
nal transduction (9, 10) and protein kinase C (PKC)-mediated
signal transduction (11-15). Changes in cAMP-mediated signal-
ing were found in cultured neuronal cells (16). However, we
found no effect of acute or prolonged exposure to 100-300 mM
ethanol on basal, norepinephrine-, or adenosine-stimulated
cAMP levels in cultured cardiac myocytes (17). We therefore
focused on the effect of ethanol on PKC-mediated signal trans-
duction in the heart.

It was previously reported that (8) protection from global
ischemia in hearts isolated from adult guinea pigs fed with
ethanol for 12 weeks yielding blood alcohol levels of 10 * 2
mg/dl (=20 mM). Protection was abolished if the PKC inhibitor
chelerythrine (10 uM) was included in the perfusate 10 min
before the ischemic period (8). Selective translocation of ePKC
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as evidenced by Western blot analysis and immunofluorescence
staining in these experiments suggested that ePKC may mediate
ethanol-induced cardioprotection. However, the role of ePKC in
cardiac protection could not be tested directly in these studies
because the available isozyme-selective PKC inhibitors could not
be used in intact heart. In addition, in vivo studies could not
exclude a role for nonmyocyte cells in ethanol-induced protec-
tion. Finally, the previous studies did not determine whether a
brief exposure to ethanol, immediately before ischemia, pro-
vided cardioprotection. To address these questions, in the
present study we used an isolated adult rat myocyte model of
cardiac ischemia and determined the effect of isozyme-selective
PKC inhibitors developed in our laboratory on ethanol-mediated
protection.

Isozyme-selective peptide inhibitors of PKC have been used
successfully in a variety of cell systems to determine the function
of particular isozymes (18) and work by competing for binding
of activated isozymes to their anchoring proteins, termed
RACKs or receptors for activated C-kinase (19, 20). Relevant to
this study, we have recently demonstrated a role for ePKC in
cardioprotection of neonatal cultured cardiac myocytes (21).
Earlier studies in vivo and in isolated cells demonstrated that a
short period of ischemia before the prolonged ischemia causes a
significant decrease in damage to heart cells (22-24). This
protection, termed preconditioning, is likely to occur in humans
(25-29). Therefore, means to activate this form of protection
without the use of a brief ischemic insult, a potentially harmful
procedure per se, is highly desired. We showed that, in neonatal
cardiomyocytes, protection after ischemic preconditioning is
abolished by inhibition of ePKC with the translocation inhibitor
peptide eV1-2 (21), suggesting a role for ePKC in cardioprotec-
tion.

Here we determined whether acute exposure to ethanol
mimics preconditioning and produces cardioprotection and what
the minimal ethanol concentration is that produces this protec-
tion. Using the isozyme-specific inhibitors that we developed, we
also determined the role of specific PKC isozymes in this
ethanol-induced cardioprotective effect. Our results demon-
strate direct protective effects after a 10- to 20-min exposure of
as little as 10 mM ethanol on intact heart and on adult cardio-
myocytes and indicate that activation of ¢éPKC is essential for
ethanol-induced cardioprotection from ischemic injury. The
effect of acute exposure to physiologically attainable concentra-
tions of ethanol on the heart opens the possibility for therapeutic
use of ethanol before impending ischemia.
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Materials and Methods

Peptide Preparation and Delivery. ¢V1-2 peptide [amino acids
14-21 of ¢PKC (30)], and BC2-4 peptide [amino acids 218-226
of BPKC; (31)] were synthesized at the Stanford Protein and
Nucleic Acid Facility (Stanford, CA), and a Cys residue was
added to their amino termini. The peptides were purified
(>95%) and cross-linked via an N-terminal Cys-Cys bond to the
Drosophila Antennapedia homeodomain-derived carrier peptide
(C-RQIKIWFQNRRMKWKK) (32, 33). The peptides (0.1-1
uM; applied concentration) were introduced into cells as carrier-
peptide conjugates (32, 33) with a carrier-carrier dimer as
control. Previous studies indicated that the intracellular concen-
tration of the peptides did not exceed 10% of the applied
concentration and that the majority of cells contained the
introduced peptides (not shown).

Cardiac Myocyte Isolation. Hearts from adult male Wistar rats
(250-300 g) were isolated and perfused on a Langendorff
apparatus as described (8). Myocyte isolation was carried out as
established by Downey and collaborators for rabbit heart (23, 34,
35). Perfusion was performed at constant pressure of 85 mmHg
(1 mmHg = 133 Pa) at 37°C by using Krebs-Henseleit buffer
containing 118 mM NacCl, 4.7 mM KCl, 25 mM NaHCOs3, 1.2
mM KH,PO,4, 1.2 mM MgSOy, 2.5 mM CaCl,, and 10 mM
glucose (pH 7.4) for 5 min. The perfusate was continuously
bubbled with 95% O,/5% CO,. After the initial 5-min perfu-
sion, the perfusate was changed to Ca*2-free Krebs-Henseleit
buffer for 10 min and then Krebs-Henseleit buffer containing 1
mg/ml collagenase (Worthington) for 15 min. Ventricular myo-
cytes were isolated by maceration and centrifugation for 4 min
at 100 X g. The myocyte pellet then was resuspended in
incubation buffer containing 118 mM NacCl, 4.7 mM KClI, 25 mM
NaHCOs;, 1.2 mM KH,POy, 1.2 mM MgSO4, 30 mM Hepes, 60
mM taurine, 20 mM creatine, 0.68 mM glutamine, 1% Basal
Medium Eagle amino acids, 1% Eagle’s MEM non-essential
amino acids, 1% Basal Medium Eagle vitamins, and 2% BSA
(pH 7.4). Typically, cell viability was >60% after isolation as
determined by exclusion of trypan blue in hypotonic solution.
There was a <10% increase in cell death after incubation under
normoxic conditions (Fig. 1).

Simulated Ischemia of Isolated Cardiac Myocytes. Immediately after
isolation, myocytes were treated with ethanol and were co-
incubated with the PKC inhibitors chelerythrine, GF109203X
(both from Alexis Biochemicals, San Diego, CA), or isozyme-
selective PKC inhibitory peptides (18) for 10—15 min. Cells then
were pelleted by low speed centrifugation for 1 min and were
washed twice with incubation buffer. (Under these conditions,
most of the nonmyocyte cells remain in the supernatant, pro-
ducing a pellet that contains >95% myocytes.) For the simulated
ischemia, cells were transferred to microcentrifuge tubes, were
washed twice with degassed glucose-free incubation buffer, and
were pelleted as before. Each cell pellet occupied a volume of
~150 pl. After the last centrifugation, 90% of the supernatant
was removed, and microballoons (Sig Manufacturing, Monte-
zuma, [A) were layered over the remaining buffer to create an
air-tight environment. In the experiments described in Fig. 4, cell
pellets were overlayed with degassed hypoxic and nitrogen-
saturated buffer up to the rim of the tube, and the tubes were
sealed with an airtight top. Tubes then were incubated at 37°C
as above for 180 min. Similar results were obtained by using
either procedure. Each experiment was repeated at least three
times on separate days using different animals.

Assessment of Cell Viability. Ischemia-induced cell damage was

assessed by an osmotic fragility test that has been previously used
to measure the effectiveness of preconditioning intervention (34,
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35). Myocytes were incubated in a hypotonic (85 milliosmolar)
trypan blue solution (36). During simulated ischemia, the cells
become progressively more fragile, as evidenced by an increasing
percentage of myocytes stained with trypan blue. Normoxic
control cells were centrifuged as above, except the cells were
resuspended in 3 ml of incubation buffer and were incubated at
37°C, exposed to atmospheric oxygen (normoxia control). Cells
that did not exclude the trypan blue dye were considered
nonviable because of membrane fragility. Three- to four-
hundred cells were counted in each experiment. Blind scoring
(done in the majority of the study) did not alter the results.

Western Blot Analyses. [solated myocytes were initially divided
into three groups and were treated with vehicle (0.05% DMSO),
0-50 mM ethanol, or 100 nM 4B-phorbol 12-myristate 13-
acetate (PMA) (Alexis Biochemicals) for 15 min at 37 °C.
Myocytes were homogenized, and PKC distribution in the
100,000 X g supernatant (cytosolic) fraction and 1% Triton
X-100 extract of the pellet were determined as described (21)
and were quantitated by densitometric analysis of digitized
autoradiograms using NIH IMAGE 1.58 (http://rsb.info.nih.gov./
nih-image/-Default.html).

Ischemia-Reperfusion of Isolated Adult Rat Heart and Creatine Kinase
Assay. Hearts from adult male Wistar rats (250-300 g) were
isolated and perfused on a Langendorff apparatus (37). Perfu-
sion was performed at constant pressure of 85 mmHg at 37°C by
using Krebs-Henseleit buffer containing 118 mM NaCl, 4.7 mM
KCl, 25 mM NaHCO3, 1.2 mM KH,PO4, 1.2 mM MgSQO4,1.8 mM
CaCl,, and 5 mM glucose (pH 7.4). The perfusate was oxygen-
ated by continuous bubbling of 95% O,/5% CO,. After an initial
10-min equilibration period, hearts were perfused for 20 min
with treatments of 10 mM ethanol and/or 10 uM chelerythrine
(Alexis Biochemicals), followed by 45 min of no-flow ischemia.
Immediately after ischemia, the hearts were subjected to 30 min
of reperfusion. Samples of coronary venous out flow were
collected every 2.5 min during the reperfusion period (total of
12 fractions). Creatine kinase release was assayed by using a
colorimetric determination kit (Sigma) as a measure of cardiac
injury.

Results

Protection Against Simulated Ischemia After Acute Exposure to Eth-
anol in Isolated Adult Cardiac Myocytes. We first determined
whether ethanol-induced protection from ischemic injury is
attributable to direct action of ethanol on cardiac myocytes and
whether a brief exposure to ethanol produces this protection.
The sensitivity of isolated adult rat myocytes to ischemic injury
was measured by incubating pellet of cardiomyocytes with a
small volume of degassed medium lacking glucose. Cell damage
then was determined by measuring osmotic fragility. This model,
termed “simulated ischemia,” is well established and is thought
to mimic ischemic injury of whole heart (34). Under normoxic
conditions, only 9 £ 7% of the cells demonstrated osmotic
fragility (mean = SEM; n = 7; P not significant; Fig. 14) over
the 3 hours of incubation, indicating that isolated myocytes
remained healthy. However, during the same period, when cells
were incubated under simulated ischemic conditions, 74 *+ 8%
demonstrated osmotic fragility (Fig. 14; n = 7; P < 0.05). This
increased fragility induced by simulated ischemia was inhibited
by a 10-min exposure of cells to 50 mM ethanol before the
ischemia from ~75% in the absence of ethanol to 50 = 5% in
its presence (Fig. 14; n = 7; P < 0.05 vs. untreated ischemic
cells). Note that, although ethanol was not included during
prolonged ischemia, there was an ~35% reduction in cell
damage. Importantly, ethanol had no effect on the osmotic
fragility of cells incubated under normoxic conditions (not
shown). Ischemia-induced damage also can be assessed by
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Fig. 1. Ethanolinhibits damage of adult cardiac myocytes induced by in vitro

ischemicinsult by activating PKC. Adult rat cardiac myocytes were isolated and
subjected to control normoxic conditions, simulated ischemia (180 min), or
simulated ischemia after a 10-min preincubation with 50 mM ethanol. (A).
Membrane fragility to hypotonic solution (85 milliosmolar), a marker of cell
damage (34), was determined by uptake of trypan blue. Numbers presented
are percentage increase in stained cells attributable to ischemia-induced cell
damage as described by the formula

[stained cells] ime 130 —
[nonstained cells]ime o

[stained cells]ime o % 100.

Where indicated, chelerythrine (CHE) (1 or 10 uM) or GF109203X (GF) (10 uM)
were co-incubated with 50 mM ethanol (EtOH) for 10 min. Cells then were
washed twice with buffer and were subjected to simulated ischemia as above.
Data are mean = SEM of seven independent experiments (*, P < 0.05) for the
ischemic conditions and three independent experiments for the effect of
chelerythrine or GF on membrane fragility. White area represents damage
accrued during normoxia. (B) Ischemic injury also was demonstrated by in-
crease in rounded cells and a decrease in rod-shape cells (Upper) and by
staining of nuclei with propidium iodide (Lower), previously reported markers
of cell damage (38, 39).

rounding of the cardiac myocytes (Fig. 1B Upper), an indicator
of irreversible damage (38), and by staining of nuclei with
propidium iodide (Fig. 1B Lower), an indicator of loss of
membrane integrity (39). Because ischemic damage (as assessed
by all of these assays) was significantly reduced after a 10-min
incubation with ethanol of isolated myocytes, we conclude that
ethanol exerts a direct effect on cardiac myocytes that renders
them more resistant to ischemic injury.

Role of PKC in the Ethanol-Mediated Protection Against Simulated
Ischemia. Because PKC has been implicated in cardioprotection
against global ischemia (8, 21-24, 40), and because PKC is
activated by ethanol (8, 11, 13, 41, 42), we determined whether
the protection observed in isolated myocytes after a brief
exposure to ethanol is also mediated by PKC. Using cheleryth-
rine or GF109203X, we first showed that these PKC inhibitors
have effect on osmotic fragility under normoxic conditions (Fig.
1A4). However, the presence of 1 or 10 uM chelerythrine during
the 10-min co-incubation with ethanol before the simulated
ischemia abolished ethanol-induced protection (Fig. 1; n = 3;
P < 0.05). In addition, GF109203X (10 uM) also abolished
protection induced by pretreatment with 50 mM ethanol (Fig. 1;
n = 3; P < 0.05). These data indicate that the beneficial effect
of ethanol in protecting cardiac myocytes from ischemic injury
is mediated specifically through PKC.

Western Blot Analysis. There are multiple PKC isozymes in cardiac
myocytes (43—-47), but ePKC has been previously implicated as
a mediator of cardioprotection because its translocation corre-
lates with preconditioning-induced protection or protection
induced after 8—12 weeks of exposure to ethanol (8, 47). Using
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Fig. 2. Ethanol induces translocation of ¢PKC. Shown is a Western blot
analysis of duplicate sets of subcellular fractions fromisolated adult rat cardiac
myocytes. (A) Myocytes were treated with vehicle (Con), 50 mM ethanol
(EtOH), or 100 nM 4B-phorbol 12-myristate 13-acetate (PMA) for 15 min.
Soluble and particulate fractions from equal numbers of myocytes (75-100 mg
protein per lane) were subjected to SDS/PAGE, were transferred to nitrocel-
lulose, and were probed with an ePKC isozyme-selective antibody. Results are
representative of two independent experiments. (B) Myocytes were treated
with 1 mM, 10 mM, or 50 mM ethanol for 15 min. Soluble and particulate
fractions from equal numbers of control (Con) and treated myocytes (75-100
ng protein per lane) were subjected to SDS/PAGE, were transferred to
nitrocellulose, and were probed with 8PKC or ePKC selective antibody. Results
are representative of three to four independent experiments.

Western blot analysis, we therefore first determined whether
translocation of ¢PKC occurs also after a short exposure to
ethanol in isolated adult rat myocytes. PKC activation by hor-
mones or phorbol esters is associated with translocation of
individual PKC isozymes from the soluble fraction to the
particulate fraction (48, 49). Fig. 24 shows that a 15-min
incubation of myocytes with either 50 mM ethanol or 100 nM
4B-phorbol 12-myristate 13-acetate (PMA) caused translocation
of ePKC from the soluble to the particulate fraction. In addition,
translocation of éPKC by ethanol was concentration-dependent.
The amount of ePKC in the particulate fraction increased from
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Fig. 3. Inhibition of ethanol protection by an éPKC isozyme-selective antag-
onist peptide, éV1-2. Ethanol-induced protection of cardiac myocytes from
damage induced by simulated ischemia was determined in the presence of
chelerythrine (10 M), GF109203X (10 uM), the ePKC selective inhibitor éV1-2,
or the cPKC-selective inhibitor BC2-4, each conjugated to the cell-permeable
Drosophila Antennapedia carrier peptide and applied at 1 uM. The carrier
peptide alone (1 M) also was used as a negative control. After co-incubation
with 50 mM ethanol for 10 min, cells were washed and subjected to simulated
ischemia for 180 min. Data, presented as percent inhibition of maximal
protection by 50 mM ethanol, are mean * SEM of three experiments (*, P <
0.05).
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36 = 7% of the total detectable ePKC in the absence of ethanol
to 56 = 10% at 1 mM ethanol, 72 = 11% at 10 mM ethanol, and
70 = 8% at 50 mM ethanol (n = 4, P < 0.05); a representative
experiment is shown in Fig. 2B. Maximum translocation of ePKC
isozyme by ethanol was reached at 10 mM, a physiologically
relevant concentration of ethanol.

Isozyme-Selective Inhibition Studies. We next determined whether
activation of ePKC is required for the protective effect of acute
exposure to ethanol in the isolated myocyte model by using an
ePKC isozyme-selective inhibitory peptide, eV1-2 (30). In pre-
vious studies, we showed that this eight-amino acid peptide,
derived from the V1 region of ePKC, inhibits activation-induced
translocation and function of ¢PKC in cardiac myocytes (30).
Relevant to this study, €V1-2 inhibited preconditioning- and
PMA-induced cardioprotection from hypoxia-induced cell death
in cultured neonatal cardiac myocytes (21). As discussed earlier,
because, in this study, our aim is to determine whether ethanol-
induced cardioprotection in adult animals is also mediated by
activation of ePKC, we used here adult myocytes and delivered
the peptides into the cells by conjugating them to the Drosophila
Antennapedia-derived cell-permeable carrier peptide (32, 33).
We found that eV1-2 (1 uM), chelerythrine (10 puM), or
GF109203X (10 uM) almost completely abolished ethanol in-
duced protection in adult cardiomyocytes (Fig. 3; n = 3; P <
0.05). In contrast, incubation with a control peptide (carrier
peptide dimer), or the selective inhibitor peptide of the classical
PKC isozymes, BC2-4 (31), had no effect on ethanol-induced
protection (Fig. 3). Ethanol also caused translocation of §PKC
(Fig. 2). Therefore, the role of 6PKC in ethanol-induced pro-
tection of adult cardiac myocytes from hypoxia-induced death
cannot be excluded. However, because ethanol-induced protec-
tion was almost completely abolished by the ePKC-selective
inhibitor, ¢V1-2, these data indicate that cardioprotection by
acute ethanol treatment is mediated largely, if not exclusively, by
activation of éPKC in the cardiac myocytes.

Protection Against Ischemic Damage Also Occurs at 10 mM Ethanol.
Because exposure of cardiac myocytes to 10 mM ethanol is
sufficient to cause ePKC translocation in these cells (Fig. 2), we
determined whether 10 mM ethanol also can provide cardio-
protection in the ischemic model. In these experiments, osmotic
fragility was increased by 50 = 4% after incubation for 180 min
under hypoxic conditions (Fig. 4; n = 3); this increased fragility
was inhibited by 42% (to 29 = 5% cell damage) after a transient
10-min preexposure of cells to 50 mM ethanol (Fig. 4;n = 3; P <
0.05 vs. untreated ischemic cells). Protection of cardiac myocytes
by a transient exposure to 10 mM ethanol before the ischemic
condition was not significant (not shown). However, when
ethanol was included also during the prolonged ischemia, a 56%
inhibition in cell damage was observed even with 10 mM ethanol
(Fig. 4); only 22 = 9% of the cells pretreated with 10 mM ethanol
showed damage as compared with 50 * 4% of untreated
ischemic cells (n = 3; P < 0.05 vs. untreated ischemic cells).
Importantly, eV1-2 (1 uM) added together with the ethanol
abolished the above protection of 10 mM ethanol by 90 + 4%,
and 0.5 uM &V1-2 caused a 73 = 11% inhibition of this ethanol
protection (n = 2). Therefore, cardioprotection induced by 10
mM ethanol depends on ¢PKC activation.

Perfusion with 10 mM Ethanol Protects Adult Rat Heart from No-Flow
(Global) Ischemia-Reperfusion Damage. Finally, to determine
whether such a brief exposure to 10 mM ethanol also can provide
protection of the intact heart, we used a no-flow (global)
ischemia model and exposed the hearts to ethanol just before the
ischemic insult. Hearts perfused on a Langendorff apparatus
were subjected to a 20-min perfusion in the absence or presence
of 10 mM ethanol (Fig. 54). After 45 min of ischemia, we
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Fig. 4. Ten millimolar ethanol is sufficient to produce inhibition of ischemic
damage. Adult rat cardiac myocytes were isolated and subjected to control
normoxic conditions (Normoxia), simulated ischemia (Ischemia), and simu-
lated ischemia after preincubation or preincubation followed by co-
incubation with 10-50 mM ethanol as described in Materials and Methods.
Cell damage then was determined as in Fig. 1, and data are mean = SEM of
three independent experiments (*, P < 0.05; **, P < 0.005).

reperfused the hearts, fractions of perfusate were collected, and
the levels of creatine kinase (CK) released from the damaged
myocardium were determined. We found a 4-fold increase in CK
release after ischemia (Isc) as compared with hearts maintained
in normoxic conditions (Nor; unfilled symbols) that was sus-
tained for 30 min of reperfusion (Fig. 54). This increase in CK
release was greatly attenuated in hearts that were preperfused
with 10 mM ethanol (Isc/EtOH) for 20 min before the ischemic
insult (Fig. 54); an average of ~70% reduction in CK release
after ischemia-reperfusion was noted in hearts from rats exposed
briefly to ethanol as compared with control ischemic hearts (Fig.
5B; P < 0.05). Importantly, chelerythrine (Che; 10 uM) co-
perfused with 10 mM ethanol greatly inhibited the protection of
intact heart from ischemic-reperfusion damage [Fig. 5 A4
(Isc/EtOH/Che) and B], yet neither ethanol alone or chel-
erythrine alone cause CK release under normoxic conditions
(Fig. 54; unfilled symbols). Therefore, even a brief exposure of
intact hearts to 10 mM ethanol produces protection from
ischemic insult that depends on PKC activity.

Discussion

In this study, we show that acute exposure of isolated adult rat
cardiac myocytes (Figs. 1, 3, and 4) or intact heart (Fig. 5) to
ethanol induces cardioprotective effects by acting directly on
cardiac myocytes. Using isolated myocytes, we found a >50%
protection of these cells from ischemic injury after a 10-min
exposure to as little as 10 mM ethanol before and during the
ischemic event (Fig. 4). This model of cardiac ischemia has
proven to be a very useful approach to identification of potential
cellular mediators of preconditioning because it permits direct
comparison of control and acutely treated myocytes using cells
obtained from the same animal without the complications of
other organ effects. Indeed, the same concentration of ethanol
caused a 70% reduction in CK release in a model of global
ischemia of the intact heart (Fig. 5). The increased protection in
the intact organ (Fig. 5; =70% protection) as compared with the
isolated myocytes (Fig. 4; ~50% protection) may be attributable
to ethanol-induced autocrine activity [e.g., of adenosine (37)] in
the intact organ that enhances PKC activation and cardiac
protection.

We also demonstrated that the protection from ischemia
obtained by acute exposure to ethanol is attributable to activa-
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Fig.5. Exvivo exposure of intact heart to 10 mM ethanol is sufficient to produce inhibition of ischemic reperfusion damage. (A) Hearts were perfused without
or with 10 mM ethanol (EtOH) for 20 min before the ischemic damage. Where indicated, the PKC inhibitor, chelerythrine (Che) (10 uM) also was perfused.

Ischemia-reperfusion injury then was determined by colorimetric reaction of

creatine kinase (CK) released from the myocardium as described in Materials and

Methods. Numbers presented are OD reading at 520 nm of the 2.5-min fraction collected during the 30-min reperfusion period after a 45-min no-flow ischemia
(Isc) or continuous perfusion of oxygenated buffer for the same period of time (Nor). Data are each from a single heart. (B) Ischemia-reperfusion injury is
presented as units of CK released during the entire 30-min reperfusion period. Perfusion protocol and treatments of ethanol and chelerythrine was identical as

in A. Results are mean = SEM obtained from each of the three animals (*, P

tion of PKC in the cardiac myocytes themselves and that ePKC
is the isozyme required for this protective effect. This is in
accordance with studies using other models of cardioprotection
and suggesting a role for ePKC in cardioprotection induced by
an exposure to a brief ischemic event or direct activation of PKC
by PMA (see, for example, refs. 22-24, 40, 50, and 51). Three
lines of evidence support a critical role for ePKC activation and
translocation in this ethanol-mediated cardioprotection of
freshly isolated adult rat cardiomyocytes. First, the presence of
the general PKC inhibitors chelerythrine or GF109203X during
ethanol pretreatment of myocytes abolished ethanol-induced
protection during subsequent ischemia (Fig. 1). Second, treat-
ment of cardiac myocytes with 10-50 mM ethanol approximately
doubled the amount of ¢PKC that translocates from the cell
soluble to the cell particulate fraction compared with controls
(Fig. 2). Finally, the presence of the ePKC-selective inhibitor
peptide, eV1-2, during ethanol preconditioning of isolated rat
cardiac myocytes selectively abolished ethanol-induced protec-
tion during subsequent ischemia (Fig. 3 and see text). In contrast,
an inhibitor of the classical PKC isozymes, BC2-4, had no effect
(Fig. 3). Therefore, protection from ischemia obtained by acute
exposure to 10 mM ethanol is not only correlated with activation
of specific PKC isozymes (Fig. 2) but would not occur if
activation of ¢PKC is inhibited (Fig. 3).

The ability of ethanol to activate PKC in general and ePKC in
particular has been observed in several other cell systems.
Ethanol-induced increases in PKC activity and amount of § and
ePKC isozymes were found in the pheochromocytoma cell line,
PC12, cultured in 200 mM ethanol for 6 days (52, 53). Impor-
tantly, an ePKC-selective inhibitor prevented ethanol-induced
neurite extension in this cell model (54). In addition, increases
in the amount of «, §, and ePKC were found in NG108-15 neural
cells after prolonged ethanol exposure (42). Moreover, Gordon
et al. have shown that this chronic exposure to ethanol causes
translocation of 6 and ePKC in these cells (42). Therefore, other
responses induced by ethanol are likely to be mediated, at least
in part, by activation of ePKC. Future studies, using nonpeptide
analogs of ¢PKC specific inhibitors and activators, should de-
termine whether ePKC mediates protection of the intact heart
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< 0.05).

from global ischemia. However, our findings using the isolated
myocyte model of simulated ischemia are highly supportive of
this possibility.

The current recommendation for moderate daily consumption
[one drink per day for women and two drinks per day for men
(Dietary guidelines, Human Nutrition Information Service,
www.americanheart.org)] roughly translates to 10 mM blood
alcohol levels 1 hour after consumption. Our study illustrates
that cardioprotection can be induced by exposure to 10 mM
ethanol immediately before and during the ischemic insult. We
also found that protection of 25-50 mM ethanol occurred after
prolonged ethanol feeding in vivo guinea pig model (8). A
notable difference between the two studies is the exposure time
and dosage of ethanol. In the in vivo model, animals were
exposed to ethanol via their drinking water for 8-12 weeks,
resulting in a maximal blood alcohol level of ~20 mM that
fluctuated during the day. Here, isolated cardiac myocytes
exposed to a single dose of as little as 10 mM demonstrated a
significant protection from damage induced by 3 hours of
ischemia. In addition, the dependency of ethanol-induced pro-
tection on ¢PKC activation was demonstrated here by using
isozyme-selective inhibitors. In contrast, in the previous study,
there was only a correlation between ¢PKC activation and
protection; causality using isozyme-selective inhibitors could not
be demonstrated because the peptide inhibitors cannot be used
in vivo. Finally, a protection of intact heart by ex vivo exposure
of rat hearts to 10 mM ethanol for 20 min also was demonstrated
here.

Each year, in the United States alone, 600,000 adults and
12,000 children undergo open heart operations using cardiopul-
monary bypass, during which the heart is subjected to periods of
controlled ischemia ranging from several minutes to well over 1
hour. Despite advances in cardiac protection, myocardial dys-
function during the immediate postoperative period remains a
leading cause of morbidity and mortality in these patients.
Because the exact timing of the ischemic insult is known ahead
of time in these patients, the potential exists to significantly
reduce myocardial damage by inducing a protective response in
the hours or minutes before surgery. Although a brief period of
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ischemia before the prolonged ischemia provides protection, this
method is not without danger. Future studies examining the
protection induced by ethanol exposure in whole animals should
determine whether there is a benefit of exposing humans to low
levels of ethanol (e.g., 10 mM) immediately before scheduled
ischemia, such as that occurring during angioplasty and in
cardiac surgery.

Finally, our findings support the epidemiological studies
demonstrating the benefits of moderate ethanol consumption
for ischemic heart disease (1-3, 55). However, the data
provided here suggest that rather than merely lowering the rate
of atherosclerosis by regular exposure to ethanol over many
years (4), at least some of the ethanol-induced protection can
be produced acutely, within a few minutes. Moreover, the
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protection is obtained by physiologically attainable blood
ethanol levels observed after one to two alcoholic drinks.
Finally, we showed that this protection is mediated by a direct
effect of the ethanol on the myocardium. Identification of the
role of ¢PKC in the cardioprotective effect of ethanol may
result in development of a new therapeutic agent, an ePKC
agonist, that mimics the ethanol effect and provides protection
against ischemic injury without the detrimental medical and
social effects of drinking.
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