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This study has examined the hypotheses that, firstly, the ethanol induces
delayed cellular protection in mouse cardiac myocytes against subsequent
sustained simulated ischemia (SI). Secondly, the delayed cyto-protective ef-
fect induced by the ethanol depends more on time than the dose in mouse
cardiac myocytes. Finally, ethanol-induced delayed cellular protection in
mouse cardiac myocytes is mediated through inducible nitric oxide synthase
(iNOS). Accordingly, we planned the following groups of BALB/c mouse
cultured cardiac myocytes in our study: (a) SI, (b) 5 mM ethanol (ETOH)/15
min + SI, (c) 5 mM ETOH/30 min + SI, (d) 10 mM ETOH/15 min + SI, (e)
10 mM ETOH/30 min + SI, (f) 25 mM ETOH/15 min + SI, (g) 25 mM
ETOH/30 min + SI, (h) 25 mM ETOH/60 min + SI, (i) 50 mM ETOH/15
min + SI, (j) 50 mM ETOH/30 min + SI, (k) 50 mM ETOH/60 min + SI,
(l) 250 mM ETOH/15 min + SI and (m) 250 mM ETOH/30 min + SI. An-
other set of experiments we designed with iNOS–/– and its wild-type
(iNOS+/+) mice cardiac myocytes as follows: SI, 5 mM ETOH/30 min + SI,
10 mM ETOH/30 min + SI, 25 mM ETOH/30 min + SI, 50 mM ETOH/30
min + SI and 250 mM ETOH/30 min + SI. Cellular injury was measured by
the release of creatinine kinase (CK, U/l) into the medium. BALB/c mouse
cardiac myocytes subjected to SI demonstrated significant increase in CK re-
lease as compared to the ethanol-treated cells. Ethanol-induced delayed cel-
lular protection resulted in a significant (p < 0.001) attenuation in the cellu-
lar injury as indicated by reduction in the release of CK (U/l) from 9.25 ±
0.52 to 5.16 ± 0.44 (5 mM ETOH/30 min), from 7.50 ± 0.43 (10 mM
ETOH/15 min) to 4.16 ± 0.64 (10 mM ETOH/30 min), from 5.91 ± 0.41 (25
mM ETOH/15 min) to 2.50 ± 0.58 (25 mM ETOH/30 min) and to 2.25 ±
0.37 (25 mM ETOH/60 min), from 5.41 ± 0.28 (50 mM ETOH/15 min) to
1.66 ± 0.56(50 mM ETOH/30 min) and to 1.25 ± 0.30 (50 mM ETOH/60
min), and from 5.25 ± 0.21(250 mM ETOH/15 min) to 1.66 ± 0.51(250 mM
ETOH/30 min). Reduction in CK release from ethanol-treated iNOS–/–
mouse cardiac myocytes was insignificant (p > 0.05) compared to non-treated
wild-type (iNOS+/+) mouse cardiac myocytes subjected to SI alone. Our
data suggest that ethanol induces delayed cellular protection in mouse car-
diac myocytes against sustained simulated ischemia. Further, ethanol-indu-
ced delayed cellular protection depends more on time than the dose. Further-
more, ethanol-induced delayed cellular protection is dependent on iNOS.
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Abbreviations: DCP – delayed cellular protec-
tion, SI – simulated ischemia, SMT – S-methyl-
thiourea (iNOS inhibitor), w-t – wild-type

INTRODUCTION

Preconditioning activates a powerful endoge-
nous protective mechanism that has been shown to
improve myocardial salvage after ischemia in vivo
and in vitro [5, 21, 22]. Preconditioning is also the
most potent cardio-protective adaptation known
with a profound ability to reduce the adverse ef-
fects of ischemia in a number of experimental mo-
dels [13, 17, 21, 27, 31]. According to classical de-
scription of preconditioning, the primary beneficial
effect of preconditioning is a delay in the develop-
ment of myocardial necrosis [21, 27]. Further, it is
now apparent that the benefits of preconditioning
manifest themselves during (at least) two distinct
time period following sustained ischemia. The first
report of preconditioning documented an early pro-
tective effect that was lost within a few hours fol-
lowing prolonged ischemia [31]. Growing evidence
supports a delayed protection in which the benefi-
cial effects of preconditioning are manifested as
late as 72–96 h after a prolonged ischemic event
[2, 3, 11, 18, 19]. Further, recent epidemiological
studies indicate that long-term alcohol consump-
tion is associated with a reduced incidence of coro-
nary artery disease [8, 16, 28]. In addition, studies
also suggest that long-term alcohol consumption
may improve survival in patients after myocardial
infarction [30], but the mechanisms underlying this
possible cardioprotective effect of alcohol at cellu-
lar level are not properly understood and further,
there is nothing established regarding the delayed
preconditioning with alcohol, whether there is de-
layed preconditioning phenomenon with alcohol
consumption that can mimic ischemic precondi-
tioning in patients with myocardial infarction.

There are also pharmacological studies impli-
cating inducible nitric oxide synthase (iNOS) as
a critical mediator of cardio-protection. iNOS can
be induced in almost every cell type and organ, in-
cluding the heart [29]. Thus, ischemic precondi-
tioning induces iNOS activity by increasing iNOS
transcript levels, by post-translational modification
of pre-existing iNOS protein or both. Role of iNOS
in delayed preconditioning was first reported by
Bolli’s group [10], who demonstrated that the late
phase of preconditioning was associated with up-
regulation of myocardial iNOS, and also showed

that targeted disruption of the iNOS gene com-
pletely abrogated the delayed infarct-sparing effect,
providing molecular genetic evidence for an obliga-
tory role of iNOS in the cardioprotection afforded
during the late phase of ischemic preconditioning.

Further, resveratrol was found to protect the
kidney, heart, and brain from ischemic/reperfusion
injury [1, 6, 9, 26]. In kidney cells, resveratrol was
found to exert its protective action through up-
regulation of nitric oxide (NO) [9]. As mentioned
earlier, growing body of evidence supports the car-
dioprotective role of NO through iNOS [7, 20].
Furthermore, resveratrol protects a variety of tis-
sues against ischemia/reperfusion injury and en-
hances the generation of NO by iNOS in some
cells, including kidney and heart [4, 12, 14, 15].
However, there is no evidence regarding the role of
iNOS in ethanol-induced delayed preconditioning
in mouse cardiac myocytes against subsequent
ischemia/reperfusion (I/R) injury. Recently, pre-
liminary data from our lab showed the involvement
of iNOS in delayed cellular protection (DCP) in
mouse cardiac myocytes and porcine coronary
smooth muscle cells [24] and blockade of cellular
tolerance with S-methylthiourea (SMT, iNOS in-
hibitor) in A' adenosine receptor over-expressed
transgenic mice myocytes [23].

Therefore, we have hypothesized that the alco-
hol treatment induces DCP in mouse cardiac myo-
cytes against subsequent sustained simulated ische-
mia (SI). Secondly, we hypothesized that delayed
protective effect induced by the ethanol treatment
in BALB/c mouse cardiac myocytes depends more
on time of exposure than the dose. Further, we hy-
pothesized that ethanol-induced DCP in mouse car-
diac myocytes is mediated through iNOS. Accord-
ingly, the purpose of this study was to demonstrate
whether ethanol (5, 10, 25, 50 and 250 mM) in-
duces DCP in the BALB/c mouse cardiac myocytes
against subsequent sustained SI. In addition, we
wanted to know whether ethanol-induced DCP de-
pends on time or dose. Further, we wanted to inves-
tigate whether ethanol-induced DCP is iNOS-de-
pendent or iNOS-independent.

MATERIALS and METHODS

Isolation and maintenance of mouse cardiac

myocytes

Myocytes were isolated as previously reported
[22] with the following modifications: the hearts
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from adult male mice (BALB/c, iNOS–/–, wild-
type (w-t) (iNOS+/+), 29–35 g, 12–14-week-old
each) were dissected free of major blood vessels
and minced into smaller fragments with a surgical
blade. These fragments were incubated for 15 min
at 37°C in Hank’s Balanced Salt Solution (HBSS,
calcium free) containing 0.05% trypsin and 0.05%
collagenase type II (GIBCO/BRL) and 0.002% de-
oxyribonuclease (Sigma) with continuous shaking
in a water bath. At 15-min intervals, the super-
natants were collected and the residual tissue was
re-incubated in fresh enzyme solution. Myocytes
were obtained from the supernatants by passing
through 200 �M mesh nylon gauze [22] followed
by centrifugation at 2,500 rpm. Each batch of cells
was re-suspended in 5 ml of medium containing
8% FBS; [DMEM and Ham’s F12 (1:1)] in un-
coated Falcon petri dishes (Becton Dickinson,
Oxford, CA) for 1–1.5 h at 37°C with 5% CO!.
A total of nine supernatants were collected and
each processed separately. The supernatants (4–9)
containing more than 90% cylindrical, striated
myocytes were plated in serum-containing me-
dium. Approximately 2 × 10( cells/ml were plated
into 6-well Falcon tissue culture plates, previously
coated with collagen type IV (GIBCO/BRL). The
medium was changed regularly at 48–72 h intervals.

Experimental protocol

The detailed experimental protocol is shown in
Figure 1. Mouse [BALB/c, iNOS–/–, w-t (iNOS+/+)]
cardiac myocytes were treated with ethanol (5, 10,
25, 50 and 250 mM) for 15, 30 or 60 min and

washed out with normal medium then transferred
into normal medium containing 2% bovine serum
till exposure to simulated ischemic insult next day.
Appropriate controls were run under identical con-
ditions without ethanol treatment. Twenty hours
following the ethanol preconditioning, mouse car-
diac myocytes were exposed to SI by treating them
with buffer containing 0.75 mM sodium dithionite,
12 mM KCl, 20 mM (±)-lactic acid and 10 mM
2-deoxy-D-glucose (pH 6.5) for 1 h at 37°C [22].
The cells were returned to normal medium for fur-
ther incubation for 2.5 h.

Determination of cellular injury

Cellular injury caused by SI was assessed by
measuring creatinine kinase (CK) release into the
medium as well as CK remaining in the cells using
commercially available kit (Sigma St. Louis, MO,
USA). LDH catalyzes the oxidation of lactate to
pyruvate with simultaneous reduction of nicotina-
mide adenine dinucleotide (NAD). The formation
of reduced nucleotide (NADH) results in an in-
crease in absorbance at 340 nm, which is directly
proportional to CK activity in the sample. One unit
of CK activity is defined as the amount of enzyme
that will catalyze the formation of 1 �M of NADH/
minute.

Statistical analysis

Group data are expressed as means ± SEM.
Inter-group comparison was done by using analysis
of variance (ANOVA). A two-tailed unpaired Stu-
dent’s t-test was used to compare two different
groups. Statistical differences were considered sig-
nificant if p value was less than 0.05.

RESULTS

Alcohol-induced cellular resistance

against SI

BALB/c mouse cardiac myocytes subjected to
SI demonstrated significant increase in CK release
as compared to the alcohol (5 mM/30 min)-precon-
ditioned cells (Fig. 2A). Ethanol (5 mM)-induced
DCP resulted in a significant attenuation in the cel-
lular injury as indicated by reduction in the release
of CK (from 9.25 ± 0.52 to 8.08 ± 0.94/15 min, p >
0.05 and to 5.16 ± 0.44/30 min, p < 0.001, Fig. 2A).
Similarly, there was a significant reduction in the
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release of CK in ethanol (10 mM)-preconditioned

group (from 9.25 ± 0.52 to 7.50 ± 0.43/15 min and

to 4.16 ± 0.64/30 min, p < 0.001, Fig. 2B) com-

pared to SI group. In a separate experiment, the

cells were exposed to ethanol (5, 10, 25, 50 and 250

mM) for 15, 30 or 60 min alone and we did not find

any significant release of CK into the medium

compared to controls (data not shown). This shows

that the above concentrations of alcohol and time

periods of exposure do not have any cytotoxic ef-

fect of its own.
Figure 3A shows that ethanol (25 mM)-induced

DCP resulted in a significant attenuation in the cel-

lular injury as indicated by reduction in the release

of CK (from 9.25 ± 0.52 to 5.90 ± 0.41/15 min to

2.50 ± 0.58/30 min and to 2.25 ± 0.37/60 min, p <

0.001). Similarly, there was a significant reduction

in the release of CK in ethanol (50 mM)-precon-

ditioned group (from 9.25 ± 0.52 to 5.41 ± 0.28/

15 min, to 1.66 ± 0.56/30 min and to 1.25 ± 0.30/
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60 min, p < 0.001, Fig. 3B) compared to SI group.
In Figure 3C, ethanol (250 mM)-induced DCP re-
sulted in a significant attenuation in the cellular in-
jury as indicated by reduction in the release of CK
(from 9.25 ± 0.52 to 5.25 ± 0.21/15 min and to 1.66
± 0.51/30 min, p < 0.001, Fig. 3C).

Effects of ethanol on BALB/c and

iNOS–/– mice cardiac myocytes against

subsequent SI

BALB/c mouse cardiac myocytes subjected to
SI alone demonstrated significant increase in CK
release as compared to BALB/c mouse cardiac
myocytes treated with alcohol (5, 10, 25, 50 and
250 mM) for 30 min (Fig. 4A). Ethanol-induced
DCP resulted in a significant attenuation in the cel-
lular injury as indicated by reduction in the release
of CK (from 9.25 ± 0.52 to 5.16 ± 0.44/5 mM, to
4.16 ± 0.64/10 mM, to 2.50 ± 0.58/25 mM, to 1.66
± 0.56/50 mM and to 1.66 ± 0.51/250 mM, p <
0.001, Fig. 4A). On the other hand, there was an in-
significant change in the release of CK from
iNOS–/– mouse cardiac myocyte treated with etha-
nol (5, 10, 25, 50 and 250 mM) for 30 min com-
pared to non-treated iNOS–/– mouse cardiac myo-

cytes subjected to SI alone (Fig. 4B). Ethanol treat-
ment did not have significant effect on iNOS–/–
mice myocytes as indicated by the release of CK
compared to non-treated group (change from 4.25
± 0.66 to 2.58 ± 0.66/5 mM, to 2.51 ± 0.58/10 mM,
to 5.50 ± 1.91/25 mM, to 4.66 ± 0.69/50 mM and
to 3.25 ± 0.86/250 mM, p > 0.05, Fig. 4B). In con-
trast to iNOS–/– mouse cardiac myocyte treatment
with 10 mM ethanol for 30 min induced a signifi-
cant reduction in release of CK in w-t, iNOS+/+
mouse cardiac myocyte compared to non-treated
w-t iNOS+/+ mouse cardiac myocytes (from 4.55 ±
0.58 to 2.04 ± 0.28, p < 0.01, Fig. 4B).

DISCUSSION

There are three major findings in this study.
First, alcohol (5, 10, 25, 50 and 250 mM) induces
DCP in the BALB/c mouse cardiac myocytes against
sustained SI. Secondly, alcohol-induced DCP against
sustained SI depends on time more than the dose in
the BALB/c mouse cardiac myocytes. Finally, alco-
hol-induced DCP is highly dependent on iNOS as
evidenced with genetically disrupted iNOS–/– mouse
cardiac myocytes.
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Alcohol-induced DCP in BALB/c mouse car-
diac myocytes against simulated ischemic injury
was documented by reduced release of CK, an indi-
cator of myocyte damage. Therefore, the cytopro-
tective effect of alcohol appears to mimic ischemic
preconditioning against injury in vivo [2, 3, 11, 18,
19] or sublethal simulated ischemic precondition-
ing against subsequent sustained SI injury in vitro
[22, 23]. Moreover, because DCP was totally blocked
in the iNOS–/– mouse cardiac myocytes due to dis-
ruption of iNOS gene, these changes appear to in-
volve iNOS-dependent signaling pathways.

This is the first report showing 5 mM ethanol-
induced DCP against subsequent sustained SI in
adult BALB/c mouse cardiac myocytes cultured for
5 days (Fig. 2A). We found a > 44% (p < 0.001) re-
duction in CK release in mouse cardiac myocytes
treated with 5 mM ethanol for 30 min compared to
non-treated cells subjected to sustained SI, whereas
in the group treated with the same ethanol concen-
tration for 15 min, reduction was < 12% (p > 0.05).
In another set of experiments, 10 mM ethanol treat-
ment for 15 and 30 min induced > 19% (p < 0.01)
and > 55% (p < 0.001) reduction in CK release, re-
spectively, compared to non-treated mouse cardiac
myocytes subjected to sustained SI (Fig. 2B). In the
third set of experiments, we found > 36% (p <
0.001), > 72% (p < 0.001) and > 76% (p < 0.001)
reduction in a release of CK in 25 mM ethanol-
treated mouse cardiac myocytes for 15, 30 and 60
min, respectively, compared to non-treated cells
subjected to sustained SI (Fig. 3A). Figure 3B
shows that treatment with 50 mM ethanol for 15,
30 and 60 min induced > 41% (p < 0.001), > 82%
(p < 0.001) and > 86% (p < 0.001), reduction in CK
release, respectively, compared to non-treated mouse
cardiac myocytes subjected to sustained SI. In the
fourth set of experiments, we found > 43% (p <
0.001) and > 82% (p < 0.001) reduction in CK
release in mouse cardiac myocytes treated with
250 mM ethanol for 15 and 30 min, respectively,
compared to non-treated cells subjected to sus-
tained SI (Fig. 3C). These data show that BALB/c
mouse cardiac myocytes cultured for 5 days could
be preconditioned with ethanol (5, 10, 25, 50 and
250 mM) treatment for 15, 30 and 60 min against
subsequent sustained SI next day. The data have
also revealed that the percentage of significant re-
duction in a release of CK ranges from > 19% (p <
0.01) to > 86% (p < 0.001) depending on concen-
tration of alcohol as well as on time of exposure

compared to the cells non-treated with ethanol, but
subjected to sustained SI. This cellular model of
pharmacological preconditioning with alcohol and
sustained SI of cultured adult mouse cardiac myo-
cytes has proven to be a very useful approach to de-
lineate the mechanism of DCP and identification of
potential cellular mediators of late preconditioning
phenomenon because it permits direct comparison
of control and ethanol-treated (24 h earlier) mouse
cardiac myocytes subjected to sustained SI using
cells obtained from the same mouse without the
complications of other tissue effects.

We also demonstrated that DCP with ethanol
against subsequent SI, as indicated by reduced re-
lease of CK, was more dependent on time than the
dose. Figures 1–3 provide explanation for that. In
Figure 2A, the difference between 5 mM/15 min
and 5 mM/30 min groups is 31.57% (p < 0.01).
Figure 2B shows 36.11% (p < 0.01) difference be-
tween 10 mM/15 min and 10 mM/30 min. In Figu-
re 3A, 36.87% (p < 0.01) and 39.57% (p < 0.01)
difference were found in the reduction of CK re-
lease between 25 mM/15 min and 25 mM/30 min,
25 mM/15 min and 25 mM/60 min, respectively.
Figure 3B shows 40.54% (p < 0.01) and 44.97%
(p < 0.01) difference between 50 mM/15 min and
50 mM/30 min, 50 mM/15 min and 50 mM/60 min,
respectively. Further, in Figure 3C, 38.81% (p <
0.01) difference was found in the reduction of CK
release between 250 mM/15 min and 250 mM/30
min. Therefore, it is likely that the late effect of
ethanol probably modulating DCP in mouse car-
diac myocytes against subsequent simulated ische-
mic injury depends more on time of exposure to the
ethanol than the concentration of ethanol.

Further, we also demonstrated that the DCP with
ethanol against subsequent sustained SI in mouse
cardiac myocytes is highly dependent on iNOS. It
is evidenced by the experiment with iNOS knock-
out mouse cardiac myocytes (iNOS–/–). Our data
show that treatment of iNOS–/– mouse cardiac
myocytes with ethanol (5, 10, 25, 50 and 250 mM)
for 30 min did not have significant effect on their
response to SI, as indicated by the release of CK
compared to non-treated group (changes from 4.25
± 0.66 to 2.58 ± 0.66/5 mM, to 2.51 ± 0.58/10 mM,
to 5.50 ± 1.91/25 mM, to 4.66 ± 0.69/50 mM and to
3.25 ± 0.86/250 mM, p > 0.05, Fig. 4B). There was
not only insignificant reduction in CK release but
also exacerbating in the release of CK in some of
the groups. In contrast to iNOS–/– mouse cardiac
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myocyte, treatment with 10 mM of ethanol for

30 min induced a significantly reduced release of

CK in w-t (iNOS+/+) mouse cardiac myocytes com-

pared to non-treated w-t (iNOS+/+) mouse cardiac

myocytes (from 4.55 ± 0.58 to 2.04 ± 0.28, p < 0.01,

Fig. 4B). Further, in BALB/c mouse cardiac myo-

cytes the story is totally different from iNOS–/–

mouse cardiac myocytes treated with the same doses

and for the same time (from 9.25 ± 0.52 to 5.16 ±

0.44/5 mM, to 4.16 ± 0.64/10 mM, to 2.50 ± 0.58/25

mM, to 1.66 ± 0.56/50 mM and to 1.66 ± 0.51/250

mM, p < 0.001, Fig. 4A). Therefore, it is also likely

that the late effect of ethanol probably modulating

DCP in mouse cardiac myocytes against subsequent

sustained ischemic injury depends upon iNOS.
It is now apparent that the benefits of delayed

preconditioning or ‘second’ window of protection

(SWOP) against subsequent sustained SI is also

found in cultured BALB/c mouse cardiac myocytes

when they were treated 24 h earlier with ethanol

(5, 10, 25, 50 and 250 mM) for 15, 30 and 60 min,

as reported earlier by many workers [2, 3, 11, 18,

19, 22–25] with ischemic preconditioning against

injury in vivo and in vitro. Ethanol at as low dose as

5 mM applied for 30 min and as high dose as 250

mM for 60 min could precondition mouse cardiac

myocytes against subsequent sustained SI next day.

In this study, we also provide evidence that iNOS is

a critical mediator of DCP against subsequent sus-

tained SI in ethanol-treated mouse cardiac myo-

cytes, as reported by Bolli’s group [10] in the late

phase of ischemic preconditioning with up-regu-

lation of myocardial iNOS. We believe iNOS may

possibly act as a critical mediator in ethanol medi-

ated DCP in mouse cardiac myocytes against subse-

quent sustained SI as reported earlier with sub-lethal

ischemia induced delayed preconditiong in vivo

[10]. Further, they also reported [10] that the de-

layed infarct-sparing effect was completely abro-

gated in animals with targeted disruption of the

iNOS gene, providing molecular genetic evidence

for an obligatory role of iNOS in the cardioprotec-

tion afforded by the late phase of ischemic precondi-

tioning. Recently, Imamura et al. [15] also suggested

the involvement of iNOS in resveratrol-induced

pharmacological preconditioning in mice. In this

study we have shown the implication of iNOS in

ethanol-induced DCP against subsequent sustained

SI by using iNOS–/– mouse cardiac myocytes.
In summary, the present data provide evidence

for the first time that ethanol (5, 10, 25, 50 and 250

mM) induces DCP in the cultured BALB/c mouse
cardiac myocytes against sustained SI. Secondly,
ethanol-induced DCP against sustained SI depends
on time more than the dose in the cultured BALB/c
mouse cardiac myocytes. Finally, ethanol-induced
DCP is highly dependent on iNOS as evidenced
with genetically disrupted iNOS–/– mouse cardiac
myocytes. However, the role of other mediators in
delayed cellular resistance against subsequent
simulated ischemic injury in ethanol-treated mouse
cardiac myocytes is not clear. Further studies will
be necessary to unravel the detailed cellular and
molecular mechanisms and to elucidate a role of
the activation of A' adenosine receptor, transloca-
tion of PKC (with characterization of PKC iso-
forms) and sarcolemmal and mitochondrial K&��

channels in delayed cellular tolerance against sub-
sequent simulated ischemic injury in ethanol-
treated mouse cardiac myocytes.

CONCLUSION

In conclusion, it appears that ethanol induces
a strong and powerful DCP in cultured BALB/c
mouse cardiac myocytes against subsequent sus-
tained SI. This powerful pharmacological precon-
ditioning phenomenon induced by ethanol depends
on time more than the dose. Further, induction of
DCP is also highly dependent on iNOS as evi-
denced by genetically disrupted iNOS mouse car-
diac myocytes.
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