
Alcohol in Moderation, Cardioprotection and Neuroprotection:
Epidemiological Considerations and Mechanistic Studies

Michael A. Collins, Edward J. Neafsey, Kenneth J. Mukamal, Mary O. Gray, Dale A. Parks,
Dipak K. Das, and Ronald J. Korthuis
Department of Cell Biology, Neurobiology & Anatomy, Loyola University Chicago Stritch School of
Medicine, Maywood IL (MAC, EJN); the Division of General Medicine and Primary Care, Beth
Israel Deaconess Medical Center, Boston, MA (KJM); the Division of Cardiology, San Francisco
General Hospital, San Francisco, CA (MOG); the Center for Wine and Cardiovascular Health,
University of Alabama, Birmingham, AL (DAP); the Cardiovascular Research Center, University of
Connecticut School of Medicine, Farmington, CT (DKD); and the Department of Medical
Pharmacology and Physiology, University of Missouri School of Medicine, Columbia, MO (RJK)

Abstract
In contrast to many years of important research and clinical attention to the pathological effects of
alcohol (ethanol) abuse, the past several decades have seen the publication of a number of peer-
reviewed studies indicating beneficial effects of light-moderate, non-binge consumption of varied
alcoholic beverages, as well as experimental demonstrations that moderate alcohol exposure can
initiate typically cytoprotective mechanisms. A considerable body of epidemiology associates
moderate alcohol consumption with significantly reduced risks of coronary heart disease and,
albeit currently a less robust relationship, cerebrovascular (ischemic) stroke. Experimental studies
with experimental rodent models and cultures (cardiac myocytes, endothelial cells) indicate that
moderate alcohol exposure can promote anti-inflammatory processes involving adenosine
receptors, protein kinase C (PKC), nitric oxide synthase, heat shock proteins, and others which
could underlie cardioprotection. Also, brain functional comparisons between older moderate
alcohol consumers and non-drinkers have received more recent epidemiological study. In over half
of nearly 45 reports since the early 1990’s, significantly reduced risks of cognitive loss or
dementia in moderate, non-binge consumers of alcohol (wine, beer, liquor) have been observed,
whereas increased risk has been seen in only a few studies. Physiological explanations for the
apparent CNS benefits of moderate consumption have invoked alcohol’s cardiovascular and/or
hematological effects, but there is also experimental evidence that moderate alcohol levels can
exert direct “neuroprotective” actions—pertinent are several studies in vivo and rat brain
organotypic cultures, in which antecedent or preconditioning exposure to moderate alcohol
neuroprotects against ischemia, endotoxin, β-amyloid, a toxic protein intimately associated with
Alzheimer’s, or gp120, the neuroinflammatory HIV-1 envelope protein. The alcohol-dependent
neuroprotected state appears linked to activation of signal transduction processes potentially
involving reactive oxygen species, several key protein kinases, and increased heat shock proteins.
Thus to a certain extent, moderate alcohol exposure appears to trigger analogous mild stress-
associated, anti-inflammatory mechanisms in the heart, vasculature and brain that tend to promote
cellular survival pathways.
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Introduction
This minireview derived from an RSA roundtable coalesces emerging information about the
epidemiology of heart disease, stroke and dementia in moderate, non-binge alcohol (ethanol)
consumers with relatively recent results of laboratory studies of biochemical and
physiological mechanisms that potentially underlie observed cytoprotective actions of
moderate alcohol concentrations. The pathological damage and vast social havoc from
addiction to and abuse of alcohol are well-known, and of necessity should continue to
receive primary attention by doctors, scientific researchers and health professionals.
However, results from human moderate consumption studies indicate that light-to-moderate,
responsible alcohol consumption appears to carry certain health benefits.

Most of the epidemiological evidence for cytoprotection relates to the heart and vasculature.
Experimentally, ischemia-reperfusion studies with cardiac myocytes and chronic alcohol-
consuming mice have shown that moderate alcohol-dependent cardioprotection is linked to
selective activation of protein kinase C (esp. PKCε isoform) and preservation of
mitochondrial function. Furthermore, low-dose alcohol consumption in ischemic rats
improves ventricular function while inducing cardioprotective proteins, e.g., heat shock
proteins, superoxide dismutase, and nitric oxide synthase (NOS). When present in alcoholic
beverages, the flavonoid resveratrol may play an important augmenting or independent role.
Further studies also confirm that the endothelium is critical in moderate alcohol-dependent
cardiovascular protection through changes in NOS as well as enhanced pro-fibrinolytic
enzymes. Additionally, antecedent alcohol ingestion in an ischemia-reperfusion rat model
has been shown to trigger entry of the microvasculature into a preconditioned, protected
state that involves adenosine receptors, NOS, calcitonin gene-related peptide release and at
least one heat shock protein, heme oxygenase.

Turning to the CNS, in the past decade or so a number of peer-reviewed cohort studies have
reported significantly reduced risks of either cognitive decline or dementia, including
Alzheimer’s, in light-moderate alcoholic beverage consumers in comparison to nondrinkers
or never-drinkers. Although some of the vascular and hematological mechanisms triggered
by moderate alcohol could favorably impact the aging brain, other more central brain
molecular pathways possibly triggered by episodic low/moderate levels of alcohol that could
exert anti-neuroinflammatory effects are possible contributors to neuroprotection.

MODERATE ALCOHOL CONSUMPTION AND RISK OF CORONARY
DISEASE, STROKE AND DEMENTIA: AN EPIDEMIOLOGICAL OVERVIEW

The observed associations of alcohol consumed within recommended guidelines with a
variety of chronic diseases at the population level continue to interest physicians and
patients alike. Among the most important and complex of these are the associations of
alcohol use with cardiovascular and neurovascular diseases, such as coronary heart disease
(CHD) and stroke.

Two large prospective cohort studies have recently examined alcohol intake and these
diseases: the Health Professionals Follow-up Study (HPFS) (Mukamal et al., 2003a) and the
Cardiovascular Health Study (CHS) (Mukamal et al., 2006). Both are carefully-administered
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longitudinal studies with repeated measures of alcohol intake and validated assessment of
cardiovascular disease incidence over 10–20 years. The populations differ to a substantial
degree—HPFS enrolled over 50,000 middle-aged male health professionals from around the
U.S., while CHS is a population-based study of almost 6,000 older adults from four U.S.
communities—but they have produced remarkably similar findings on the relation of alcohol
intake with cardiovascular disease.

The association of alcohol use with CHD has undoubtedly been the focus of the most
observational studies. Several meta-analyses have come to generally similar conclusions
about the relationship of average alcohol consumption with risk, suggesting ~25% lower risk
throughout a range of intake from about ½ drink per day through two drinks per day, but
potentially higher risk at or above six drinks per day (Cleophas, 1999; Corrao et al., 2000;
Maclure, 1993). This association has been observed for over three decades (Klatsky et al.,
1974) and in populations worldwide consuming a variety of alcoholic beverages (Brenner et
al., 2001; Yuan et al., 1997). At the same time, concern continues to be raised about whether
the lower risk associated with alcohol intake is related to bias by inclusion of former
drinkers with pre-existing illness or confounding by lifestyle factors associated with
moderate drinking (Freiberg and Samet, 2005).

In both HPFS and CHS (Figure 1), strong, graded, inverse associations of alcohol intake
with risk of CHD were found (Mukamal et al., 2006;Mukamal et al., 2003a). Former
drinkers were separated from longer-term abstainers in both cases, and the results
demonstrated little difference in risk between abstainers and very light drinkers, suggesting
that the choice of reference group did not bias the findings. It was possible to account for a
large number of sociodemographic and clinical characteristics, and findings were similar for
a variety of CHD-related outcomes. In both studies, risk was approximately 25–30% lower
among consumers of 1 drink per day than among abstainers. No clear advantage was
observed for any one beverage type in either study, suggesting that alcohol per se is most
likely to be the active constituent, at least at the doses of alcoholic beverages normally
consumed.

Several plausible mechanisms for the association of alcohol intake with lower risk of CHD
exist. Randomized crossover feeding studies clearly show that alcohol intake raises high-
density lipoprotein cholesterol (HDL-C) in an approximately dose-dependent manner and to
a greater degree than currently available pharmacological options (Rimm et al., 1999). In the
CHS and HPFS, alcohol intake correlates well with HDL-C levels, with coefficients of
~0.25–0.35. The effect of alcohol on HDL-C alone appears to explain 50–70% of the
observed inverse association of alcohol with risk of CHD (Mukamal et al., 2005c; Rimm et
al., 1999). Other feeding studies, including the longest randomized trial conducted to date
(Marfella et al., 2006), also support a benefit of alcohol intake on insulin sensitivity (Davies
et al., 2002) and on inflammatory markers (Sierksma et al., 2002b). Whether alcohol also
provides direct cardioprotection from myocardial ischemia has not been determined in
humans, but analyses of the Determinants of Myocardial Infarction Onset Study (which
included nearly 4,000 patients with acute myocardial infarction) raise the possibility that
alcohol consumed 6–12 hours prior to onset of ischemia could attenuate infarct size
(Mukamal et al., 1999).

Despite similarities between CHD and stroke, their associations with alcohol intake appear
quite different. In both HPFS (Mukamal et al., 2005a) and CHS (Figure 1) (Mukamal et al.,
2005b), lower risk of ischemic stroke was limited to alcohol consumption weekly but less
than daily and with a substantially weaker magnitude than was seen for CHD. In HPFS,
alcohol intake above two drinks per day was clearly associated with higher ischemic stroke
risk. Meta-analyses of alcohol and stroke support this fully (Reynolds et al., 2003),
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suggesting ~20% lower risk of ischemic stroke among less-than-daily drinkers in cohort
studies, but increased risk with heavier drinking, and a dose-dependent increase in risk for
hemorrhagic stroke. Consumption of three or more drinks in one day also appears to acutely
trigger ischemic stroke (Hillbom et al., 1995).

Interest in the association of alcohol intake with dementia has been fueled by the recognition
that dementia shares several risk factors with cardiovascular disease. In the CHS, a U-
shaped relationship of alcohol intake with risk of dementia (see Figure 1) was observed,
with similar findings for vascular dementia and Alzheimer disease. This U-shape exactly
parallels findings on alcohol intake and MRI-identified cerebral white matter lesions
(Mukamal et al., 2001), which are strong predictors of dementia in CHS (Kuller et al.,
2003). Although dementia was not assessed in HPFS, findings from the Nurses’ Health
Study, a parallel cohort of women, also support better cognitive function among women who
consume alcohol within recommended ranges (Stampfer et al., 2005). However, data from
other studies appear somewhat mixed (Dufouil et al., 2000;Larrieu et al., 2004;Luchsinger et
al., 2004;Ruitenberg et al., 2002;Truelsen et al., 2002), and this remains an important area
for future investigation.

Thus alcohol intake has a complex associations with cardiovascular and neurovascular
diseases. These include dose-dependent associations of alcohol with lower risk of CHD but
higher risk of hemorrhagic stroke throughout a recommended range of drinking, an
increased risk of ischemic stroke with heavier drinking, and an emerging but somewhat
variable association with lower risk of dementia.

MODERATE ALCOHOL AND PROTECTION AGAINST CARDIAC ISCHEMIA-
REPERFUSION (I/R) INJURY: INVOLVEMENT OF PKCepsilon

Moderate alcohol consumption, one drink or less per day for women and two drinks or less
per day for men, has been found to reduce the incidence and adverse consequences of heart
disease in a series of epidemiological studies. For example, Mukamal and coworkers
(Mukamal et al., 2005d) showed that alcohol consumption at least three to four days per
week was associated with a lower risk of myocardial infarction among men and women.
Importantly, this association was attributed to physiologically relevant trends in HDL
cholesterol, fibrinogen, and hemoglobin A1C. Clinical trials of short-term alcohol intake are
scarce but suggest that moderate drinking enhances insulin sensitivity (Davies et al., 2002)
and decreases plasma levels of C-reactive protein and fibrinogen (Sierksma et al., 2002a).
Long-term clinical trials to examine effects of moderate drinking on coronary artery disease
outcomes are highly controversial and not likely to be conducted within the United States.

With a focus on the identification of intracellular signaling pathways activated by moderate
alcohol consumption that preserve viability and contractile function of cardiac tissue during
stress, adult rodent protocols have been carried out that simulate human drinking patterns to
test the hypothesis that moderate alcohol concentrations trigger protective signaling in
ventricular heart cells, thereby increasing resistance to acute ischemia-reperfusion injury. In
such studies, moderate concentrations in rats produced sustained cardioprotection requiring
activation of mitochondrial KATP channels (Zhu et al., 2000), consistent with experiments
published by other laboratories using canine models (Pagel et al., 2002). Also, acute (Chen
et al., 1999) and chronic (Zhou et al., 2002) cardioprotection stimulated by physiological
concentrations of alcohol were associated with the selective activation of protein kinase
Cepsilon (PKCε). This isoenzyme is recognized as a powerful cytoprotectant in myocytes,
through interactions with substrates and anchoring molecules in numerous compartments
(Ping et al., 2001).
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In a typical experiment, adult male C57BL/6 mice ingest 10% ethanol (vol/vol) as the sole
source of drinking water for 12 weeks (Zhou et al., 2004). The protocol produces blood
alcohol concentrations of approximately 10 mg/dL or 4 mM at the time of sacrifice (and
maximal night-time concentrations in comparable alcohol consumption studies of
approximately 13 mM or 67 mg/dL remain in a moderate range) (Chen et al., 2003).
Alcohol-fed animals appear normal in the cage environment and maintain predicted body
weights. However, the hearts of alcohol-fed mice are much more resistant to stress than
control hearts, with decreased infarction size and improved contractile recovery after
simulated ischemia-reperfusion. Importantly, cardiac myocytes isolated from alcohol-fed
mice are resistant to in vitro stress. As shown in Figure 2, control cells rapidly lose their
capacity to exclude trypan blue dye during incubation with H2O2-supplemented culture
medium. In contrast, cell survival under the same oxidative conditions is significantly
greater in myocyte cultures prepared from the ventricles of alcohol-fed animals. These
results confirm that moderate alcohol concentrations are cardioprotective, at least in part,
through direct and sustained effects on cellular mechanisms intrinsic to ventricular
myocytes.

Mitochondria produce most of the ATP required for cardiac contractile activity. In addition,
these organelles generate reactive oxygen species that contribute to both physiological heart
function and pathological tissue damage. Previous experience with the effects of alcohol on
mitochondrial KATP channel activity and PKCε expression prompted investigations of PKCε
localization in heart mitochondrial fractions before and after chronic alcohol feeding and
acute ischemia-reperfusion. As indicated in Figure 3A, chronic moderate alcohol
consumption does not produce significant differences in mitochondrial PKCε expression
under baseline conditions. However, localization of PKCε to mitochondrial fractions is 3-
fold greater after ischemia-reperfusion in the hearts of alcohol-fed mice compared to
controls. These data suggest that alcohol pretreatment promotes rapid recruitment of PKCε
during stress to heart mitochondria, where PKCε has been shown by other groups to
preserve organelle integrity (Baines et al., 2003).

Accordingly, microassays to measure the activity of NADH-ubiquinone (Q1) reductase, or
Complex I, in submitochondrial particles prepared from individual mouse hearts have been
developed (Zhou et al., 2004). As shown in Figure 3B, moderate alcohol concentrations did
not produce significant differences in mitochondrial Complex I activity under baseline
conditions. However, alcohol ingestion doubled Complex I activity after ischemia-
reperfusion compared to controls. Pretreatment of isolated hearts with a specific PKCε
antagonist peptide (Gray et al., 2004) prior to ischemia-reperfusion blocked alcohol-induced
cardioprotection. In the above report, hearts from PKCε null mice fed 10% alcohol for 12
weeks did not exhibit protection against Complex I injury compared to controls. These
results signify that moderate alcohol concentrations decrease damage to the mitochondrial
respiratory chain complex most sensitive to the stress of ischemia-reperfusion and support
the key role of PKCε activation in sustained alcohol-mediated cardioprotection.

Overall, a mouse model of consumption that realizes moderate but not high alcohol
concentrations points to sustained PKCε activation in ventricular myocytes as mediator of
resistance to ischemia-reperfusion injury. The experimental system is highly stable and may
be more relevant to human cardiac physiology than genetically engineered mice that express
a constitutively active form of PKCε (Ping et al., 2001). Hearts from alcohol-treated animals
are being used to explore downstream mechanisms of chronic cardioprotection through
conventional protein methods and unbiased approaches such as microarray analysis, with
one principal objective of this research to better understand the relationship between alcohol
consumption and heart disease, particularly for individuals who drink in moderation.
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Alternatively, this line of investigation may reveal cardioprotective targets that do not
require alcohol ingestion, thus circumventing toxic effects on other organ systems.

ALCOHOL AND CARDIOVASCULAR PROTECTION via NITRIC OXIDE
PATHWAYS

Coronary heart disease (CHD) remains the leading cause of death in both men and women in
the United States (Klatsky, 1996). In patients with cardiovascular risk factors such as
hypercholesterolemia, hypertension or aging (Zeiher et al., 1993) endothelial dysfunction
predisposes to the development of structural vascular changes (Ross, 1993) and may play a
critical role in acute myocardial infarction and sudden death. Heavy alcohol consumption
has long been associated with vascular as well as myocardial complications (Klatsky, 1996),
whereas, as discussed earlier in this summary, several epidemiological studies suggest an
inverse association between long-term moderate alcohol consumption and the risk of CHD
and myocardial infarction (Thun et al., 1997) as well as a reduction in mortality (Doll,
1997).

This cardioprotection has been attributed to the direct effects of moderate alcohol and/or
polyphenols in increasing high-density lipoproteins (Gaziano et al., 1999; McConnell et al.,
1997), decreasing platelet aggregation (Renaud and Ruf, 1996), enhancing fibrinolytic
activity, decreasing fibrinogen (Aikens et al., 1998; Ridker et al., 1994) and decreasing
ischemia-reperfusion injury (Miyamae et al., 1997). There is accumulating evidence that
cardioprotection associated with moderate alcohol consumption involve cellular and
molecular mechanisms related to nitric oxide (NO). Nitric oxide is generated by three
isoforms of nitric oxide synthase (NOS). Endothelial NOS (eNOS) is a key regulator of
vascular homeostasis, including basal vascular tone (blood flow) and blood pressure (Patel
et al., 1999; Radomski and Moncada, 1993). Cardiac myocytes also constitutively express
eNOS, which contributes to the regulation of myocardial contractility, heart rate (Kojda and
Kottenberg, 1999) and cardiac oxygen consumption (Loke et al., 1999). Upregulation of
eNOS has been postulated to play a protective role in both congestive heart failure (Khadour
et al., 1998) and myocardial ischemia-reperfusion (Kanno et al., 2000; Sumeray et al.,
2000). NO also inhibits smooth muscle proliferation, platelet aggregation and monocyte
adhesion making it an anti-thrombogenic agent (Lamas et al., 1998).

In a paired feeding paradigm, male Sprague-Dawley rats consumed an alcohol (ethanol)-
containing or equicaloric liquid diet in which alcohol comprised 0, 9 or 18% of the total
calories for 8 weeks. At 8 weeks, animals were anesthetized and myocardial function
accessed after 20 min ischemia and 30 min reperfusion using a modified Langerdorf
preparation. Moderate alcohol consumption enhanced post-ischemic myocardial systolic and
diastolic function as well as attenuated the ischemia-induced increase in coronary vascular
resistance. In a separate series of experiments, vascular function was assessed in isolated
thoracic aorta ring segments. Acetylcholine was added to stimulate endothelial cell NO
formation via the mobilization of intracellular Ca++, which activates eNOS and invokes
endothelium-dependent relaxation. Moderate alcohol consumption for 8 weeks significantly
increased maximal amplitude for vascular relaxation, consistent with upregulation of eNOS.
There was a paradoxical impairment in vessel relaxation with higher doses of alcohol
consumption. Immunolocalization of eNOS protein confirmed moderate alcohol
consumption increased eNOS protein expression in the vascular endothelium of the vascular
endothelium. Finally, total nitrates and nitrites were increased in the blood of rats after 8
weeks consumption of moderate alcohol, suggesting a functional eNOS protein increase
(Abou-Agag et al., 2005).
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The characteristics of the cardioprotection associated with consumption of alcoholic
beverages are indicative of mechanisms resulting in improved functional and metabolic
performance in both the myocardium and vasculature. There are a number of actions of NO
that would be predicted to be cardioprotective, including decreased cardiac contractility
(Kitakaze et al., 1996; Lamas et al., 1998), decreased coronary resistance (Kitakaze et al.,
1996), diminished myocardial oxygen consumption (Okubo et al., 1999), and improved
metabolic function (Kanai et al., 1997). Increased NO bioavailability may play an important
role in alcohol-dependent cardioprotective mechanisms through the regulation of antioxidant
and NO producing enzymes.

ALCOHOL CARDIOPROTECTION MECHANISMS WITH ADDITIONAL
CONSIDERATION OF THE CONTRIBUTION OF RESVERATROL

Epidemiological evidence strongly suggests that light-to-moderate alcohol drinking, usually
defined as consumption of 1 to 2 drinks per day [less than 30 gm/day], is associated with a
reduced risk of CHD including ischemic heart disease, cardiomyopathy, diabetes, and stroke
(Zakhari, 1999). Heavy drinking (more than 3 drinks per day), on the other hand, adds
further to the complications in CHD. A J- or U-shaped relationship exists between the
amount of alcohol drinking and CHD (Djousse et al., 2002), indicating that risk of death due
to CHD is the lowest among the moderate drinkers as compared to abstainers or heavy
drinkers. Cardioprotective effects of moderate alcohol drinking include reduction of platelet
aggregation and fibrinogen levels leading to increased fibrinolysis, coronary blood flow and
reduced blood pressure; increased HDL and reduced LDL resulting in lowering of risk due
to cholesterol; reduction of insulin resistance and increase in insulin sensitivity; and
reduction of blood homocysteine levels (Figure 4A).

Precise mechanisms for the cardioprotective effects are not known; however, several
experimental studies have shed some light on the mechanisms of action of light to moderate
drinking. In one of such studies, guinea pigs were given alcohol in their drinking water for
3–12 weeks and at the end, the hearts were isolated and subjected to ischemia reperfusion
injury (Miyamae et al., 1997). Hearts from animals drinking alcohol showed improved
functional recovery and decreased myocyte damage when compared with controls.
Adenosine A1 receptor blockade abolished the protection, suggesting a role of adenosine A1
receptor in cardioprotection. In another study, the rats were made diabetic with
streptozotocin, and then given alcohol for a month. The diabetic rats fed an alcohol diet
showed a 52% reduction in advanced glycation end product when compared with diabetic
controls (Al-Abed et al., 1999). In rabbit heart alcohol was found to exert a preconditioning-
like effect mediated through adenosine receptors, PKC, and mitochondrial KATP channels
(Krenz et al., 2004). In in vitro studies mentioned earlier, rat heart cardiomyocytes were
protected from ischemic injury by alcohol through the upregulation of PKCε (Chen et al.,
1999), and also, alcohol-mediated cardioprotection was achieved through the upregulation
of eNOS expression (Abou-Agag et al., 2005). In rat heart, direct alcohol feeding led to a
reduction of apoptotic cardiomyocyte death by reducing apoptotic signaling cascades,
JNK-1 and c-Jun, and activating heat shock protein (HSP) 70, heme oxygenase and
superoxide dismutase (Sato et al., 2004). Another study, also cited earlier in this summary,
demonstrated that alcohol triggered anti-death signals by activating Akt (Zhou et al., 2002).
The mechanisms of action of alcohol-mediated cardioprotection known to date are
summarized in Figure 4A.

There is no direct clinical study demonstrating the mechanisms of cardioprotection afforded
by light-to-moderate alcohol consumption. Nevertheless, clinical studies exist showing that
moderate alcohol consumption leads to a reduction of serum lipids, lipoproteins, platelets,
LDL and inflammatory cytokines, and increased HDL (Lucas et al., 2005). Overwhelming
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epidemiological evidence, however, exists in support of alcohol-mediated cardioprotection.
All the risk factors of CHD including diabetes, hypercholesterolemia, smoking and stroke
are modulated by low-to-moderate alcohol consumption (Djousse et al., 2002).

A last point is that most of the experimental studies related to alcohol-mediated
cardioprotection that originate in Europe use wine, especially red wine, while American
studies typically use alcohol itself. Although part of the wine-mediated cardioprotection may
be attributed to the alcohol (wines typically contain 10–12% alcohol), cardioprotective
properties of red wine can be correlated with the presence of polyphenolic antioxidants,
especially resveratrol, which is concentrated in red wine (Das and Maulik, 2006), but also in
other alcoholic beverages (albeit in lower amounts) such as beers (Callemien et al., 2005).
Whether resveratrol is the essential component that is responsible for much of the
cardioprotective effects of wine or the alcohol that is present in wines and is responsible for
cardioprotection remains under considerable debate, but there is no doubt that resveratrol
may protect the heart in many ways (Das et al., 2008; Juric et al., 2007; Lekli et al., 2008;
Mokni et al., 2007), not to mention the brain with regard to stroke (Tsai et al., 2007). At any
rate, it is interesting to note that there are many similarities in the cardioprotective
mechanisms of action and molecular targets between resveratrol and alcohol (Figure 4A and
Figure 4B) that may force the rethinking of the relative significance of alcohol vs.
resveratrol in health and disease.

ANTECEDENT ALCOHOL PREVENTS MICROVASCULAR DYSFUNCTION IN
I/R THROUGH ANTI-INFLAMMATORY AND ANTI-ADHESIVE MECHANISMS

The possibility that ingestion of alcoholic beverages might be associated with
cardioprotective effects was first appreciated by consideration of epidemiologic data
indicating that long-term, regular consumption of red wine at low to moderate levels (1 to 3
drinks per day for months to years) correlated with decreases in the incidence of coronary
artery disease as well as improved survival in patients suffering myocardial infarctions (Das
and Ursini, 2002; Korthuis, 2004). Although the antioxidant properties of red wine
constituents were originally thought to largely explain its cardioprotective effects,
subsequent epidemiologic evidence has indicated that consumption of white wine, beer, or
spirits is also beneficial (Das and Ursini, 2002; Korthuis, 2004; Shigematsu et al., 2003).
The latter observations pointed to the importance of alcohol per se in the beneficial actions
of alcohol intake on cardiovascular mortality. While subsequent studies established that the
cardioprotective effects of moderate alcohol consumption could be partially explained by
effects on plasma lipids, platelet function, and fibrinolytic activity, alcohol intake maintains
a significant association with reduced cardiovascular mortality even after controlling for
lipoprotein and hemostatic factors. More recent work indicates that alcohol administration
24 hrs prior to I/R (referred to as antecedent alcohol, equivalent to alcohol preconditioning,
but with trace residual alcohol levels during I/R) induces the development of an anti-
inflammatory phenotype in postcapillary venules such that these vessels fail to express P-
selectin or support leukocyte adhesion and emigration in postischemic tissues (Dayton et al.,
2005; Gaskin et al., 2007; Kamada et al., 2004; Wang et al., 2007; Yamaguchi et al., 2007).
In addition, alcohol consumption at low to moderate levels is associated with reduced C-
reactive protein levels, a plasma marker of inflammation, and decreased production of
inflammatory cytokines such as interleukin-6 (Albert et al., 2003; Das and Ursini, 2002;
Korthuis, 2004; Korthuis, 2006). Given the critical importance of infiltrating leukocytes in
the pathogenesis of atherosclerosis and I/R injury, these new observations provide novel
insight regarding the mechanisms whereby alcohol ingestion reduces the likelihood and
extent of I/R injury in individuals at risk for cardiovascular disease.
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The anti-adhesive effects of antecedent alcohol intake on postischemic leukosequestration
has been extensively studied using intravital microscopic approaches, which allow direct
quantification of leukocyte rolling, stationary adhesion, and emigration in single
postcapillary venules in real time. Yamaguchi and coworkers (Yamaguchi et al., 2007) were
the first to demonstrate that acute intubation of a low-moderate dose of alcohol in mice
(>0.5 g/kg; ~300 μl vol.) completely prevents adhesive interactions between circulating
leukocytes and the endothelium from developing in tissues exposed to subsequent I/R. The
temporal expression of this protected or preconditioned state induced by alcohol ingestion
was biphasic. The initial phase (acute alcohol preconditioning) develops rapidly, involves
activation of pre-existing effector molecules, and is short-lived, with peak anti-inflammatory
effects (50% reduction in leukocyte adhesion) occurring 2 to 3 hours after intake, and then
disappearing by 4 hours after administration. The second or delayed phase of ischemic
tolerance induced by alcohol emerges 12 to 24 hours after alcohol intake, is longer-lived (24
hrs or more), requires the expression of new gene products, and is notable for its magnitude
of protection, completely preventing postischemic leukocyte rolling and adhesion (Kamada
et al., 2004; Korthuis, 2006; Yamaguchi et al., 2007). In these studies, plasma alcohol levels
peaked at 45mg/dL within 30 minutes of gastric instillation by gavage and returned to
control levels within 60 minutes of ingestion. This observation indicates that neither the
acute phase of protection that arises within 1 to 3 hours of alcohol ingestion nor the late
phase that reemerges 12 to 24 hours later are due to direct effects of alcohol. Indeed, alcohol
must be largely absent before the cardioprotective effects of the alcohol become apparent.

Because late phase alcohol preconditioning exerted much more powerful and long-lived
effects, most subsequent studies have focused on elucidation of the mechanistic
underpinnings for this latter phase. As a result of this work, it has become apparent that the
factors that contribute to the development of tolerance to ischemia can be conceptually
compartmentalized into: 1) triggers that inaugurate entrance into the anti-inflammatory
phenotype, 2) downstream signal transducers that are activated by the initiating factors and
induce an increase in activity or expression of 3) end-effectors that mediate the anti-adhesive
effects noted during I/R 24 hrs after ingestion (Kamada et al., 2004; Korthuis, 2006).

Early work in this area focused primarily on uncovering the initiators of alcohol
preconditioning, as this may provide important clues towards the development of rational
therapeutic interventions that could be used in lieu of alcohol to induce similar
cardioprotective effects, but avoid potential untoward physiologic and social effects
associated with alcohol consumption. The well-known effect of alcohol to inhibit nucleoside
transporters in cell membranes (thereby limiting adenosine reuptake into cells) led to the
postulate that adenosine might serve as a trigger for entrance into the anti-inflammatory state
induced by adenosine. Pharmacologic inhibitor studies support this concept and indicated
that adenosine A2 receptor occupancy is required for this process (Yamaguchi et al., 2007).
Uncovering the role of adenosine A2 receptors was an important mechanistic distinction as
the downstream signaling elements activated by adenosine A1/A3 versus A2 receptors are
very different. Indeed, adenylyl cyclase or protein protein kinase A blockade, but not PI3
kinase inhibitors, prevents the late phase of alcohol preconditioning (Kamada et al., 2004;
Korthuis, 2006). On the other hand, administration of adenosine A2 receptor agonists, cell-
permeant cyclic AMP analogs, or adenylyl cyclase activators (e.g., isoproterenol, forskolin)
mimics the postischemic anti-inflammatory effects of late-phase alcohol preconditioning.

Because alcohol enhances both basal and flow-stimulated NOS activity and NO production
in vivo and in cultured endothelial cells, it has been suggested that production of this
gaseous monoxide during the period of alcohol exposure may also serve as an important
triggering element for the late phase of alcohol preconditioning (Wallerath et al., 2003;
Yamaguchi et al., 2002; Yamaguchi et al., 2007). Support for this concept is derived from
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four lines of evidence. First, administration of NOS antagonists just prior to, but not 1 hour
after, alcohol administration on day 1 abolishes the anti-adhesive effects of late alcohol
preconditioning on day 2 (Yamaguchi et al., 2002; Yamaguchi et al., 2003; Yamaguchi et
al., 2007). The latter observation supports the concept that NO plays an important role in
promoting the development of the anti-inflammatory phenotype that becomes apparent 18 to
24 hours later. Second, plasma levels of nitrite/nitrate, a marker for NO production, are
increased during the period of alcohol exposure (Yamaguchi et al., 2007). Third, tissues
pretreated with NO donors in lieu of alcohol develop an antiinflammatory phenotype 24
hours after administration (Yamaguchi et al., 2002; Yamaguchi et al., 2007). Finally, the
anti-inflammatory phenotype induced by alcohol does not appear in mice that are genetically
deficient in eNOS (Yamaguchi et al., 2007). This last finding not only provides the fourth
line of evidence supporting a role for NO as a triggering element in alcohol preconditioning,
but also indicates that the eNOS isoform is essential for the development of the anti-
inflammatory phenotype in response to alcohol. Interestingly, NO donors remain effective as
preconditioning stimuli in eNOS-deficient mice, indicating that downstream mediators of
preconditioning remain effective in these mice.

As mentioned in an earlier section of this workshop summary, the factors responsible for
increasing eNOS activity in late alcohol preconditioning (or any form of preconditioning for
that matter) are largely unknown; however, it now appears that this effect is triggered by an
adenosine A2 receptor dependent mechanism (Yamaguchi et al., 2002; Yamaguchi et al.,
2007). This notion is supported by the observations that ligation of adenosine A2 receptors
increases the activity of cAMP-dependent kinase (PKA), which in turn activates eNOS by
phosphorylating Ser-1177. Moreover, adenosine stimulates l-arginine transport and NO
biosynthesis by activation of A2 receptors on human umbilical vein endothelial cells. More
recent work has established that AMP kinase activation may also play a critical role as an
upstream signaling step in eNOS-dependent preconditioning by alcohol (Gaskin et al.,
2007).

Another well-known effect of alcohol is to increase the generation of reactive oxygen
species, including superoxide and the hydroxyethyl radical (Das and Vasudevan, 2007).
Although they are generally considered to exert deleterious effects in biologic systems, it is
becoming increasingly apparent that reactive oxygen species may participate in a number of
normal physiologic phenomena by serving as second messengers in transmembrane
signaling processes. Indeed, administration of a cell-permeant superoxide dismutase (SOD)
mimetic, the porphyrin MnTBAP, coincident with alcohol prevents the postischemic
antiadhesive effects that become apparent 24 hours after ingestion of the alcohol
(Yamaguchi et al., 2003). Moreover, exposing postcapillary venules to a superoxide
generating system (hypoxanthine/xanthine oxidase) 24 hours prior to I/R mimicked the
antiadhesive effects produced by antecedent alcohol exposure. Additional support for the
concept that oxidants may participate in triggering the development of the anti-inflammatory
phenotype in response to antecedent alcohol ingestion is derived from studies directed at
elucidating their source of production. Inhibition of either xanthine oxidase or NADPH
oxidase alone attenuated the anti-adhesive effects of alcohol preconditioning by 50 percent,
whereas concomitant inhibition of both oxidant-producing enzymes effectively prevented
the development of the protected phenotype (Yamaguchi et al., 2003). The latter studies
indicate that xanthine oxidase and NADPH oxidase are important enzymatic sources of the
reactive oxygen species that trigger entrance into the anti-inflammatory phenotype displayed
by postcapillary venules exposed to alcohol 24 hours prior to I/R. These observations have
been extended to stroke models where antecedent alcohol has been shown to reduce I/R-
induced delayed neuronal death, neuronal and dendritic degeneration, oxidative DNA
damage, glial cell activation and neutrophil infiltration. These beneficial actions of alcohol
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preconditioning were prevented by treatment with a SOD mimetic or an NADPH oxidase
inhibitor (Wallerath et al., 2003).

As noted earlier, there is evidence implicating NO, formed secondary to adenosine A2-
receptor-dependent activation of endothelial NOS, in the beneficial actions of antecedent
alcohol ingestion. This raises the possibility that NO produced during the period of alcohol
preconditioning initiates the protective effects of late alcohol-PC by a mechanism that
involves its interaction with xanthine oxidase- and/or NAD(P)H oxidase-derived oxidants.
This is an important issue because isoform-selective PKC translocation and activation
appears to play a critical role as an obligatory downstream signaling element in late alcohol
preconditioning (Dayton et al., 2005). However, NO and NO-releasing agents reversibly
inactivate PKC. On the other hand, peroxynitrite, which is formed by the interaction of NO
with superoxide, not only induces PKC activation, but has been implicated as a trigger for
the beneficial actions of other forms of preconditioning including that induced by antecedent
exposure to brief ischemia. Taken together, these observations suggest that reactive NO
species formed secondary NO/superoxide interactions may be required to induce the
development of alcohol preconditioning (Dayton et al., 2005; Yamaguchi et al., 2003).

Although the mediators of late phase alcohol preconditioning are unclear, the time course
required for its development suggests that the appearance of the protected phenotype 18 to
24 hours after alcohol ingestion requires the formation of new gene products capable of
producing anti-inflammatory agents. In this regard, it is tempting to speculate that alcohol
might enhance the expression of cyclooxygenase-2, inducible NOS (iNOS), or heme
oxygenase-1 (HO-1), which in turn generate prostacyclin and other eicosanoids, NO, and
carbon monoxide, respectively, all of which produce robust antiadhesive effects in
postcapillary venules. In addition to carbon monoxide, HO-1 also generates the powerful
antioxidants bilirubin and biliverdin, which may act to prevent the formation of oxidant-
dependent chemoattractants during I/R. It is also possible that alcohol may exploit the anti-
adhesive properties of adenosine as a mediator of the preconditioned state secondary to
enhanced production or decreased salvaging (via activation of 5′-nucleotidase or inhibition
of adenosine kinase, respectively) of the nucleoside in postischemic tissues. The fact that an
anti-inflammatory phenotype does not become apparent in mice treated with a
pharmacologic HO inhibitor during reperfusion and fails to develop in HO-1 knockout mice
suggests that this protective protein may serve as a major effector.

NEUROPROTECTIVE MECHANISMS EVOKED IN BRAIN BY
PRECONDITIONING WITH MODERATE ALCOHOL CONCENTRATIONS

As indicated in Figure 1, moderate alcohol consumption has sometimes been associated in
case-control studies with a lower risk of dementia (Mukamal et al., 2003b). Additionally, the
epidemiological literature contains about 19 longitudinal cohort studies between 1997 and
2008 (Mehlig et al., 2008;Orgogozo et al., 1997) that compare relative risk factors for either
cognitive decline or dementia—both Alzheimer’s and cerebrovascular—in older moderate
alcohol consumers versus abstainers/never-drinkers. In these studies, over half (~54%) of
the risk factors were significantly lower in moderate consumers. The remaining studies’ risk
factors did not differ between the two groups, with the exception of 2 studies with risk
factors (~5% of the total) that were increased by moderate drinking. Also, in 25 other cross-
sectional or case-control reports of cognitive decline or dementia, a similar majority of the
risk factors were significantly decreased in association with moderate consumption. The
authors of the studies finding lower cognitive risk factors viewed the apparent age-
dependent neuroprotection as the outcome of alcohol’s beneficial hematologic,
cardiovascular and possibly cerebrovascular effects (see Figure 4A), as well as perhaps
related to beverage anti-oxidant polyphenols (e.g., resveratrol—Figure 4B) (Pinder and
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Sandler, 2004) that can act within the nervous system. However, alcohol in moderate levels
conceivably exerts its own “direct” neuroprotective effects that are under current study with
antecedent exposure, co-exposure, and preconditioning models.

The phenomenon of preconditioning tissues or cells to generate a cytoprotective state or
“phenotype” has been appreciated for some time (Gidday, 2006). Brief ischemia that can
generate ischemic tolerance has been studied extensively in the heart and, more recently, the
brain. Ischemic or hyperthermic preconditioning and brain neuroprotection, first described
only about two decades ago (Chopp et al., 1989; Kitagawa et al., 1990), has spawned studies
with traditionally toxic agents at exposures that mildly stress and thus precondition the
system under study (Best et al., 1996; Leak et al., 2006; Nvue et al., 2004). Moreover,
preconditioning-dependent protection by alcohol against ischemic insult of the heart is
attested to in many studies, as related earlier in this review (Agarwal, 2002; Sato et al.,
2004), and the process is considered a likely component of cardioprotection in moderate
alcohol drinkers (Miyamae et al., 1997).

With the exceptions of several in vivo reports and a series of in vitro studies, neuroprotection
due to either antecedent alcohol or alcohol preconditioning has been relatively overlooked.
In an in vivo report mainly concerned with alcohol and the blood/brain barrier, neurons in
brain cortices of adult male “alcohol-preferring” rats chronically consuming 15% alcohol/
water were found to be protected from apoptosis due to peripherally injected pro-
inflammatory lipopolysaccharide (Singh et al., 2007); however, a mechanistic interpretation
was not provided. In ischemia studies mentioned above, antecedent moderate alcohol
triggered significant neuroprotection against I/R hippocampal neuronal injury in an adult
gerbil model (Wang et al., 2007), and reactive oxygen species (ROS) induction secondary to
increased NADPH oxidase activity was implicated in alcohol’s protective effect. In adult
rats, icv alcohol (~0.7 umoles over 4 hr) pre- (or post-) I/R was neuroprotective (Liao et al.,
2003), and the mechanism was ascribed to ROS trapping by alcohol (Cohen et al., 1976).

In brain cultures, non-neurotoxic alcohol co-exposure can block excitotoxic (N-methyl-D-
aspartate [NMDA] receptor-mediated) neurodegeneration (Belmadani et al., 2003; Cebere
and Liljequist, 2003; Chandler et al., 1993; Wegelius and Korpi, 1995), consistent with
NMDA receptor antagonism by alcohol. However, alcohol preconditioning (at least in vitro)
circumvents the issue of direct blockade of NMDA receptor activity by alcohol during the
neurotoxic insult in question. Alcohol preconditioning effects on inflammatory protein
neurotoxicity were explored with organotypic slices of the maturing rat hippocampus-
entorhinal cortex (HEC) complex—which incorporates two brain regions significantly
impacted in Alzheimer’s dementia and other dementias—as well as with mixed cerebellar
cultures (Collins et al., 2000). Several neurotoxic HIV-1 proteins have been studied, and
notably, glycoprotein 120 (gp120), the most potent in the laboratory, which can cause
neuronal degeneration and apoptosis at low picomolar (10−12 molar) concentrations in
hippocampal slice cultures (Aggoun-Zouaoui et al., 1996) and other brain cultures
(Brenneman et al., 1988). Of importance, moderate (15–30 mM) subchronic alcohol
preconditioning of HEC slice and cerebellar cultures prevented gp120IIIB-induced
neurodegeneration (Belmadani et al., 2001; Collins et al., 2000).

Neuroinflammatory processes originating from gp120IIIB interactions with glial chemokine
receptors generate neurodegenerative cascades (Kaul and Lipton, 2006). The alcohol
preconditioning, which was delayed in that it required >4d of alcohol exposure for
neuroprotection, effectively blunted or suppressed several neuroinflammatory processes or
events soon after gp120 addition—e.g., increases in [Ca+2]i, arachidonic acid release, tissue
superoxide, and extracellular glutamate (Belmadani et al., 2001). Considerable research
indicates that heat shock proteins (hsp) can be putative neuroprotective “effectors” induced
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by ischemic and other delayed preconditioning approaches (Carmel et al., 2004; Gidday,
2006). In that regard, significant induction of hsp70 (Belmadani et al., 2004) and hsp27
occurred in HEC slices after ~6 d of moderate alcohol exposure—but not at 4 d—which
correlates with the onset of significant neuroprotection. Furthermore, phosphorylated hsp27
(p-hsp27), known to colocalize with cytoskeletal elements and particularly actin, was
increased at 6 d of alcohol preconditioning both in HEC slices and cerebellar cultures
(Sivaswamy et al., 2008). The results from co-treatment with the pharmacologic heat shock
inhibitor, quercetin (5 uM, a nontoxic dose that blocks ~80% of hsp induction), indicated
that induced hsps are critical components of neuroprotection against gp120, since quercetin
abolished the preconditioning neuroprotection while concomitantly restoring the superoxide
potentiation.

Studies with more common preconditioning modalities—in particular, ischemic tolerance—
have elucidated the involvement of early cellular “sensors” that trigger subsequent
“transducer” mechanisms such as kinases, cytokines and transcription factors upstream of
hsp effectors (Dirnagl et al., 2003). Sensors include glutamate receptors (notably the NMDA
receptor channel), adenosine receptors, and perhaps others coupled to Gi proteins;
transducers include PKC isoforms and possibly other kinases. Alcohol preconditioning
experiments with mixed cerebellar cultures using receptor antagonists for NMDA receptors,
memantine or AP-5, indicated that neuroprotective activation of this “sensor” receptor is
important during the first day or so of alcohol exposure (Mitchell et al., 2007). Consistent
with these findings is that NMDA receptor stimulation directly with (sub-neurotoxic)
NMDA preconditions the cultures, neuroprotecting against β-amyloid. In the case of
alcohol, western blotting data indicate significant changes in NMDAR subunit (NR1,
NR2A, NR2C) ratios during the early part of preconditioning that could be important in this
receptor’s involvement. Parenthetically, there is evidence that subchronic alcohol, albeit at
high concentrations, perturbs NMDAR subunit composition in similar brain cultures (Snell
et al., 2001).

Examining signal transduction events potentially downstream of NMDAR and upstream of
hsp induction, the activity of PKC and changes in PKC isoform expression were determined
in HEC slices and/or cerebellar cultures during moderate alcohol exposure. Consistent with
ischemic preconditioning results (Uchiyama et al., 2003), PKC activity, moderately elevated
~15% after 2 d of alcohol, was increased ~40% after 6 d of exposure. Correlated with the
activity changes were relatively large increases (~200%) in PKCε levels along with modest
increases in PKCα and PKCδ (but not PKCβ) expression (Sivaswamy et al., 2008).
Furthermore, in alcohol-exposed cerebellar cells, focal adhesion kinase (FAK) and activated
p-FAK were modestly increased after 4 d and significantly higher after 6 d (Sivaswamy et
al., 2008), and transfection experiments using dominant negative FAK (“FRNK”) have
confirmed that FAK activation is upstream of hsp27 phosphorylation (S. Sivaswamy,
unpubl. results). FAK, a non-receptor tyrosine kinase activated by phosphorylation, has a
key role in transducing cytoskeletal-derived survival signals. Of importance, activation of
focal adhesion kinase (FAK) has been linked to cytoprotective elevations in hsp70 and
hsp27 (two hsps elevated by alcohol preconditioning) in severely stressed myocytes (Wei et
al., 2006). Overall, an emerging hypothesis is that alcohol (preconditioning)-induced
neuronal survival mechanisms involving hsp-dependent protection is intimately linked to
selective PKC and FAK activation, the focal adhesion complex, and stabilization of the
cytoskeleton.

CONCLUDING REMARKS
There is convincing evidence that light-moderate, non-binge alcohol intake reduces the risk
of coronary heart disease and, in agreement with an NIAAA position paper on moderate
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alcohol consumption (Gunzerath et al., 2004), that it does no apparent harm to cognition
during aging, even possibly reducing the risk of cognitive decline/dementia. The studies
reviewed here indicate that potential common anti-inflammatory mechanisms are initiated
by low-moderate alcohol levels and that these mechanisms have the capability of promoting
a cytoprotective state or condition. Notably, alcohol-related anti-inflammatory heat shock
protein and protein kinase changes in the brain bear similarities to those elucidated in heart,
particularly with respect to PKCε and quite likely other signal transduction kinases.

While alcohol levels achieved in periodic social consumption among older adults are no
doubt lower (albeit more prolonged) than those inducing neuroprotection in the brain
cultures summarized above, it is nonetheless conceivable that light-to-moderate, stable
alcohol ingestion over years exerts “preconditioning-like” effects on glia and neurons akin
to that which have been observed, leading to consequent dampening of the endogenous
neuroinflammatory processes associated with sometimes accelerated or “pathological” brain
aging (Chung et al., 2006). Further experimental studies are necessary to examine the
potential underlying mechanisms. In view of facts that cardiovascular disease and stroke are
two of the top three leading causes of mortality in developed countries and, according to a
Lancet review (Ferri et al., 2005), new cases of dementia are being diagnosed about every
seven seconds worldwide, it seems imperative that as much as possible is learned about the
apparent cytoprotective mechanisms engendered by low-moderate alcohol intake and levels.
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AD Alzheimer’s disease

CGRP calcitonin gene related peptide

CHS Cardiovascular Health Study

COX cyclooxygenase

EC endothelial cell

FAK focal adhesion kinase

HDL-C high-density lipoprotein cholesterol

HEC hippocampal-entorhinal cortical

HIV human immunodeficiency virus

HO-1 heme oxygenase-1

HPFS Health Professionals Follow-up Study

hsp heat shock protein

I/R ischemia/reperfusion

MI myocardial infarction

NMDAR N-methyl-D-aspartate receptor

NO nitric oxide

NOS nitric oxide synthase
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PC preconditioning

PKC protein kinase C

SOD superoxide dismutase
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Figure 1. The relationships of alcohol intake with risks of coronary heart disease, ischemic
stroke, and dementia among participants in the Cardiovascular Health Study
Long-term abstainers were the reference category. The Y-axis indicates hazard ratios for
coronary heart disease and ischemic stroke, and odds ratios for dementia. See text for
appropriate references.
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Figure 2. Moderate drinking and mitochondrial protein kinase Cε localization
Adult male C57BL/6 mice were fed 10% alcohol (vol/vol) in drinking water for 12 weeks as
described (Zhou et al., 2004). Mitochondrial fractions were prepared from isolated hearts by
differential centrifugation. (A) Western blot analysis of mitochondrial fractions from
normoxic hearts. Moderate alcohol intake had no significant effects on mitochondrial
protein kinase Cε expression. (B) Alcohol consumption produced a 3-fold increase in
mitochondrial protein kinase Cε in hearts following 25 min ischemia and 30 min reperfusion
on a Langendorff apparatus.
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Figure 3. Protein kinase Cε is a key factor in alcohol-mediated cardioprotection
Submitochondrial particles were prepared as described (Zhou et al., 2004) from hearts of
alcohol-fed (black bars) and control (white bars) mice and used to measure respiratory chain
complex activities after ischemia-reperfusion. (A) Moderate alcohol intake significantly
improved mitochondrial NADH-oxidase activity after stress. In contrast, sustained
cardioprotection was blocked by a protein kinase Cε antagonist peptide and in knockout
mice. (B) Chronic protection against NADH-Q1 reductase (Complex I) injury was also
abolished by protein kinase C inhibition. n = 6 hearts per condition. *P<0.05 vs. control
ischemia-reperfusion hearts.

Collins et al. Page 24

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
A. Cardioprotective and molecular targets of alcohol.Cardioprotective targets are shown
on the right whereas the molecular targets are shown on the left.
B. Cardioprotective and molecular targets of resveratrol. Cardioprotective targets are
shown on the right whereas the molecular targets are shown on the left.
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