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Abstract

Alcoholic cardiomyopathy is a specific heart muscle disease found in individuals with a history of
long-term heavy alcohol consumption. Alcoholic cardiomyopathy is associated with a number of
adverse histological, cellular, and structural changes within the myocardium. Several mechanisms
are implicated in mediating the adverse effects of ethanol, including the generation of oxidative
stress, apoptotic cell death, impaired mitochondrial bioenergetics/stress, derangements in fatty
acid metabolism and transport, and accelerated protein catabolism. In this review, we discuss the
evidence for such mechanisms and present the potential importance of drinking patterns, genetic
susceptibility, nutritional factors, race, and sex. The purpose of this review is to provide a
mechanistic paradigm for future research in the area of alcoholic cardiomyopathy.

The term alcoholic cardiomyopathy (ACM) has been widely used to describe a specific heart
muscle disease found in individuals with a history of long-term heavy alcohol (ethanol)
consumption. Data from human and animal studies have revealed that within the
myocardium, a number of adverse histological, cellular, and structural changes occur /n
response toand over the course of long-term heavy alcohol consumption. The most
important unresolved question, however, relates to the primary injury/mechanism by which
ethanol stimulates or initiates this array of adverse changes within the myocardium. Several
inter-related mechanisms may include oxidative stress, apoptotic cell death, impaired
mitochondrial bioenergetics/stress, derangements in fatty acid metabolism and transport, and
accelerated protein catabolism. In this review, we discuss these mechanisms, as well as the
potential importance of drinking patterns, genetic susceptibility, nutritional factors,
ethnicity, and sex in the development of ACM.
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Clinical Characteristics and Prevalence

ACM is characterized by dilated left ventricle (LV), normal or reduced LV wall thickness,
increased LV mass, and (in advanced stages) a reduced LV ejection fraction (< 40%). There
are no specific immunohistochemical, immunological, biomarkers or other criteria for the
diagnosis of ACM. Therefore, the diagnosis of ACM is often considered presumptive and is
usually one of exclusion. A key factor in ruling in ACM is a long-term history of heavy
alcohol abuse in the absence of coronary artery disease or other cardiac conditions such as
myocarditis. Contemporary cardiomyopathy classification schemas take into account
molecular genetics and strictly emphasize cardiomyopathies as conditions involving the
myocardium and not arising secondary to other cardiovascular conditions (i.e.,
atherosclerotic or coronary heart disease or alcohol abuse) (1). Consequently, the use of
other terminology such as “alcoholic heart muscle disease” has been recommended, while
others have suggested the term “alcohol muscle disease” because skeletal muscle changes
are also present (2). However, more than likely, the term ACM will continue to be used
because ACM is characterized by a dilated LV phenotype, which is similar to genetically
linked dilated cardiomyopathies.

The exact amount and duration of alcohol consumption associated with the development of
ACM remains unknown (3). Also, at least in humans, the point at which alcohol-induced
abnormalities appear during the course of an individual’s lifetime of drinking is not well
established and is highly individualized, suggesting either the protective or adverse
interaction effects of genetic or lifestyle factors (3). Though there is a lack of a specific
alcohol dose-response myocardial injury relationship, some general conclusions can be
made based upon data derived from prospective studies enrolling subjects with a history of
alcohol consumption. Consuming > 90-120 g/day of alcohol (approximately 7-15 standard
drinks per day) over a 5- to 15-year period is associated with changes in cardiac structure
and function (4-9). Those with a history of heavy alcohol consumption can present with
diastolic or systolic dysfunction and may have no symptoms (preclinical and asymptomatic)
or symptomatic ACM (signs and symptoms of heart failure). However, the duration of
drinking appears to be an important variable, with longer durations more often associated
with symptomatic ACM. For example, both Matthews et al. (10) and Urbano-Marquez et al.
(11) found that among alcoholics consuming the same amount of alcohol, those with a
longer duration of drinking had more heart failure symptoms (10,11). Another study
examining the duration of alcohol use reported that LV dilation occurs within 5-9 years in
those consuming > 90 g alcohol/day for = 4 days/week and precedes the development of
diastolic dysfunction and LV enlargement, which occurred with drinking durations between
10 and 15 years (9). Finally, in a hallmark, prospective, cross-sectional study, Urbano-
Marquez et al. (11) reported that among alcoholics (77 = 52) there was a significant negative
correlation (r=-0.46, p< 0.001) between ejection fraction and lifetime alcohol intake and a
positive correlation (r=0.42, p< 0.001) between LV mass and lifetime alcohol
consumption.

The exact prevalence of ACM remains elusive. This in part relates to how the diagnostic
code for ACM (International Classification of Diseases [ICD]-9, 425.5 or ICD-10, 142.5) is
often not listed individually, but rather is subsumed in other broader diagnostic categories
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such as “other forms of heart disease” (12) or other categories of alcohol-related diagnoses
such as “alcohol dependence syndrome.” Among cases of individuals with the diagnosis of
idiopathic dilated cardiomyopathy, the number of cardiomyopathy cases attributable to
alcohol abuse varies between 23% and 40% (4,13,14). Recently, Hookana et al. reported that
among non-ischemic causes of sudden death in Northern Finland (V= 2,661), ACM
accounted for 19% (15). It is possible that other factors, most notably drinking patterns and
other lifestyle patterns, give rise to the variance in the incidence of ACM.

Oxidative Stress Contributes to ACM

There is evidence that within the myocardium, repeated and long-term alcohol consumption/
exposure is associated with the development of oxidative stress either directly via
stimulating the generation of free radicals or /ndirectly via activating other systems or
hormones, such as angiotensin 1. Oxidative stress is involved in the etiology of several
other types of cardiovascular insults, such as ischemia-reperfusion injury and
cardiomyopathies (16). In the setting of alcohol-induced pathologies, others have suggested
that excess free-radical generation and oxidative stress may arise from several processes or
mechanisms and these are noted in Table 1 (17).

Interestingly, many of the adverse cardiac intracellular effects found after chronic ethanol
consumption in both contemporary and older investigations, are typical of oxidative stress
situations. These effects include: myocyte loss and disarray (18), sarcoplasmic reticulum
dysfunction (19-21) and changes in intracellular Ca2* handling (22), depressed/disturbed
mitochondrial function (20,23,25,26), decreased myofibrillar ATPase activity (25,27),
decreased myofibrillar calcium sensitivity (28), contractile protein fragmentation and
disarray (11, 29, 30) and fatty acid accumulation within intracellular organelles (31-33).
Accumulation of reactive oxygen species (ROS) can induce changes in intracellular
organelles or processes through lipid peroxidation and/or other chemical modifications of
structural proteins, cytoskeletal proteins, transport proteins, and enzymes (34).

In various biologic systems, oxidative stress can be measured or inferred by several biologic
indexes that can include measurement of anti-oxidant enzymes (eg., catalase, glutathione
peroxidase) or scavenging proteins (eg., glutathione), oxidative damage (eg., increase/
presence of protein carbonyl and conjugated diene levels) or the measurement of circulating
oxidative products (eg., isoprostanes) (34). There are several reports of ethanol-induced
changes in oxidative enzyme activity and levels. For example, others have reported evidence
of increased catalase activity, an antioxidant enzyme important for stimulating the
breakdown of ROS such as hydrogen peroxide into water and oxygen. Vikhert et al. found
an increase in catalase activity in autopsy heart samples from individuals with the diagnosis
of ACM (35). Fahimi et al. (36) found both 5 and 18 weeks of an ethanol diet (Lieber
DeCarli diet, 5% w/v ethanol) was associated with significant increase in myocardial
catalase levels and catalase activity as well as the number of peroxisomes in ethanol-fed rats
compared to control rats. In another study, Kino (37) found an increase in myocardial
catalase levels and catalase activity in ethanol-fed rats compared to control-fed rats (5-6
weeks of ethanol feeding, Lieber DeCarli diet, 5% wi/v). When compared to ethanol alone,
rats that received ethanol concurrent with amino-1,2,4-triazole (AT) to inhibit catalase
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activity showed marked ultrastructural changes in the hearts, such as dilation of the
sarcoplasmic reticulum, increased numbers of lysosomes, dehiscence of intercalated discs,
and various mitochondrial alterations (37). These findings suggest that increased catalase
activity may be both an adaptive and protective response to ethanol in the heart.

Using a rodent model, Ribiere et al. (38) examined the effects of 4 weeks of ethanol
consumption (10% v/v in drinking water) on catalase, as well as different antioxidant
enzymes such as copper/zinc (Cu,Zn)-superoxide dismutase and selenium-glutathione
peroxidase. These antioxidant enzymes are also important cellular defenses against free
radical injury. Cu,Zn-superoxide dismutase catalyzes the breakdown of superoxide anions.
Ribiere et al. (38) found a significant /ncrease in heart cytosolic Cu,Zn-superoxide
dismutase activity and no change in mitochondrial superoxide dismutase activity in ethanol-
fed rats compared to control rats. Neither cytosolic catalase nor selenium-glutathione
peroxidase activities were altered in the ethanol-fed rats compared to control rats. There was
no evidence of lipid peroxidation as evidenced by no change in malondialdehyde levels.
However, cytosolic and membrane fraction protein thiol levels were lower in the ethanol
group compared to the control group suggesting some degree of free radical attack on
proteins (38). Vendemiale et al. (39) found that 8 weeks of ethanol consumption (3% v/v in
drinking water) in rodents was associated with a significant decrease in heart cytosolic and
mitochondria total glutathione levels and no change in cytosolic glutathione levels
(mitochondrial levels of the latter were not measured) (39). However, there were significant
increases in cytosolic and mitochondrial levels of malondialdehyde and protein carbonyls
and decrease in protein-sulfhydryl levels in the ethanol-fed rats, indicating some degree of
lipid peroxidation and protein damage, respectively (39). Heart weight-to-body weight ratios
were similar between groups; however, in the ethanol-fed group there was increased
accumulation of fibronectin in subepicardial and subendocardial layers of the heart.

Edes et al. (40) found increased levels of LV conjugated dienes and decreased glutathione
levels in rats that received ethanol (27% v/v, in drinking water) for 6 weeks. In this same
study, the daily co-administration of Vitamin E (10 mg/kg) or another antioxidant,
cyanidanol-3 (300 mg/kg), prevented these changes. No ultrastructural changes were
detected in the myocardium of alcohol-fed rats compared to controls (40). In another study,
this same group of investigators examined the effects of 15 weeks of ethanol consumption
(15% v/v in drinking water) in adult male turkeys (41). This duration of alcohol feeding was
associated with the development of a dilated cardiomyopathy, exemplified by increases in
echocardiograph-derived measures of cardiac structure. They also found significant
increases in cytosolic superoxide dismutase, catalase, and glutathione peroxidase enzyme
activity.

More recently, using a variety of pharmacologic approaches, transgenic animal models,
proteomic approaches and plasma biomarkers of oxidative stress, investigators have
established a more direct role for ethanol-induced oxidative stress in mediating the adverse
effects of chronic alcohol consumption. Khanna et al. demonstrated that inducible nitric
oxide synthase (iNOS) is increased in cardiomyocytes isolated from rats exposed to 1 month
of ethanol (13 g/day, Lieber-DeCarli diet) (42). Increased cardiac tissue iNOS levels can
lead to the formation of superoxide and peroxynitrite (16). Ethanol-fed animals had reduced
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systolic contractility and responses to adrenergic stimuli (isoproterenol) compared to control
animals (42). Pharmacological inhibition of iNOS with N® -monomethyl-L-arginine
reversed this depression in systolic function and adrenergic signaling. Zhang et al. found
significant increases in myocardial protein carbonyl and superoxide levels in mice fed an
ethanol (4% v/v) diet for 6 weeks (22). These oxidative stress biomarkers corresponded to
myocardial fibrosis development and decreases in fractional shortening and cardiac output.
As detailed below there was also evidence of apoptosis. Interestingly, these changes were
prevented by the co-administration of the cytochrome P450 2E1 (CYP2EL) inhibitor, diallyl
sulfate (100 mg/kg/d). Data from Jing et al., also support a role for CYP2EL1 activation and
changes in oxidative stress markers, such as superoxide dismutase, glutathione peroxidase
and malondialdehyde protein levels (30). These investigators found that cardiac microsomal
CYP2EL1 activity was increased and corresponded to decreased superoxide dismutase and
glutathione peroxidase activities and increased malondialdehyde levels in dogs that received
alcohol (22%) in their water once per day for 6 months (30). No changes in heart weight-to-
body weight ratios were found, however the myocardium from ethanol-treated animals
showed fibrosis, and an irregular, disorganized myocyte pattern. All of these latter changes
were prevented by the administration of either Valsartan (angiotensin 11 receptor blocker,
5mg/kg/d) or carnitine (antioxidant, 2 g/d), suggesting a role for angiotensin Il and oxidative
stress (30). Using both pharmacologic and transgenic approaches, Tan et al. have shown that
the administration of an reactive oxygen species scavenger (a superoxide dismutase
mimetic) to wild-type mice receiving ethanol (5.4% w/v, Lieber-DeCarli diet) for 2 months,
significantly reduced nitrative damage (ie., 3-nitrotyrosine accumulation) (43). In addition,
there was also no evidence of nitrative damage in transgenic mice with knockout of the
angiotensin | receptor (AT1-KO) fed ethanol for a similar amount of time (43). In these
studies there was also evidence of ethanol-induced collagen and fibronectin accumulation,
apoptotic cell death and ventricular remodeling, all of which were blocked with the
administration of the superoxide dismutase mimetic or not present in the AT1-KO ethanol-
fed group (43).

Zhang et al., using a wild-type FVB and transgenic overexpressing insulin-like growth
factor (IGF-1) mouse model, found that 16 weeks of alcohol consumption in the control
FVB mice resulted in decreased myocardial tissue superoxide dismutase-1 expression and
increased superoxide production, which was accompanied by depressed intracellular systolic
calcium transients and contractile function (44). However, these changes were not found in
the transgenic animals overexpressing IGF-1, suggesting a protective and perhaps
antioxidant effect of IGF-1 (44). Using a proteomic approach, Fogle et al. found that 16
weeks of ethanol consumption (40% ethanol-agar blocks) in a rodent model was associated
with marked reductions in the expression of myocardial levels of the antioxidant proteins,
peroxiredoxin 5, antioxidant protein 2, and glutathione transferase 5 (45).

There are several plasma biomarkers of oxidative stress, such as 8-isoprostane (34). In a
nonhuman primate model (cynomolgus and rhesus monkeys) following 12 months of
alcohol consumption (3.3 + 0.2 g/kg alcohol/day), Cheng et al. found marked increases in
plasma 8-isoprostane levels in animals consuming alcohol (124.8 + 11 pg/ml) compared to
controls (28 £ 5.1 pg/ml) (46).
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There are several summary points from the above studies. Every study reviewed provided
some evidence of oxidative stress, as exemplified by: (1) a change in antioxidant substrate
(e.g., glutathione) or enzyme activity (38—41) evidence of oxidative damage, such as the
presence of conjugated dienes or protein carbonyls or 3-nitrotyrosine accumulation (22, 38—
41,43). Except for Cheng et al. (46) nearly every study exposed animals for a short period of
time (2-18 weeks). These data suggest that the onset of antioxidant defense mechanisms that
attempt to protect the heart against oxidative damage appears to be initiated soon after
ethanol drinking. Several studies concomitantly evaluated changes in cardiac structure or
function, providing evidence of a potential cause-and-effect relationship between oxidative
stress and the development of ACM. Also, data from several studies demonstrated a
protective role of administered antioxidants, such as superoxide dismutase, vitamin E or
IGF-1, or agents that inhibit CYP2E1 activity or inhibit angiotensin 11, strongly supporting
either a direct or indirect role for ethanol-mediated oxidative stress in the heart. Table 3
summarizes evidence from studies reviewed herein as well as other studies using either
pharmacologic or transgenic approaches to demonstrate cause and affect relationships
between alcohol consumption and cardiac changes.

Apoptosis and ACM

Cell death, in particular apoptosis or programmed cell death, has been implicated in the
development of ACM. Apoptosis is a consequence of oxidative stress and lipid peroxidation
and in many organ systems, including the heart; myocyte loss or cell death may be an
important component of organ dysfunction and pathology (50). Others have shown that
apoptosis is an important mechanism underlying ethanol-induced disorders such as fetal
alcohol syndrome (51) and alcoholic liver disease (52). There are several early reports from
animal models of ACM and humans with ACM that support a role for myocyte loss as a
mechanism underlying alcohol-induced cardiac dysfunction. Using quantitative
morphometric analysis, Capasso et al. found a significant loss (14%) of myocytes in the left
ventricle from rats fed ethanol in their drinking water for eight months (18). Using
contemporary apoptotic assay methods that include evaluation of DNA fragmentation and
activation of apoptotic proteases, Tan et al. investigated the effects of ethanol consumption
in wild-type C57BL/6 mice and AT1 KO mice (43). After 2 months of ethanol consumption
(Lieber DeCarli diet, 5.4 % wi/v alcohol), there was evidence of apoptotic dell death
(measured by transferase-mediated dUTP nick-end labeling [TUNNEL]) and caspase-3
activation in the wild-type mice, however these changes were not found in the ethanol-fed
AT1- KO mice (43). In addition, also examined were cardiac protein kinase C- 1
expression and activation of nictotinamide adenine dinucleotide phosphate oxidase (NOX or
NADPH oxidase) isoforms that are predominately expressed in the myocardium (NOX1,
NOX2 and NOX4) (43). NOX1 expression was not altered, however protein kinase C- f8 1,
NOX2 and NOX4 expression were increased in ethanol-fed wild-type mice, while no
changes in these proteins were found in ethanol-fed AT1 KO mice. Corresponding
echocardiographic data, demonstrated that ethanol consumption in the wild-type group was
associated LV enlargement and dilation (eg. increased heart weight/tibia length ratio and
increased LV area of long axis in diastole and systole, respectively), whereas no changes in
any echocardiographic parameters were found in the AT1-KO group (43). Plasma and
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cardiac tissue angiotensin Il levels were also significantly increased in both ethanol-fed
groups. The finding that LV remodeling changes were not present in the AT1-KO ethanol-
fed group, despite elevated plasma angiotensin Il levels strongly suggests a role for
angiotensin 11 post-receptor signaling in mediating both remodeling changes and adverse
cellular effects, like apoptosis (43). Activation of the AT1 receptor also involves PKC- 31-
dependent activation of specific NOX isoforms. These mechanisms may be important in the
early development of ACM, a time period when LV systolic function remains within normal
limits, since even though there was a decrease in the ejection fraction in ethanol-fed wild-
type mice, the ejection fraction (67%) remained within normal limits (43).

There is also evidence of apoptosis occurring in individuals with long term alcohol
consumption and the diagnosis of ACM. In 1965, in a histopathological examination of
hearts of patients with the diagnosis of ACM, Hibbs and colleagues reported that myocytes
lost their cross-striated appearance and had pyknotic nuclei (31). The latter, a reduction in
the size of the nucleus, can be a characteristic of apoptosis. Fernandez-Sola et al. evaluated
apoptosis in the hearts of individuals with long-term alcoholism (7= 19), those with long-
standing hypertension (7= 20), and those with no known disease as control subjects (n=7),
all of which underwent a heart transplant (53). Apoptosis was evaluated with TUNEL and
immunohistochemistry to evaluate BAX (pro-apoptotic) and BCL-2 (antiapoptotic) protein
expression. All the aforementioned indicators of apoptosis were significantly greater in
alcoholic subjects (duration of ethanol intake 26 years) and hypertensive subjects compared
to controls; however, no differences were found between alcoholic or hypertensive subjects
(53). These findings demonstrate that evidence of apoptosis was present and was of a similar
magnitude in alcoholic subjects compared to those with hypertension. More recent findings
from this group corroborate that apoptosis occurs in humans with a long-term history of
heavy alcohol consumption (54).

Mitochondrial Bioenergetics/Stress

Among the many ethanol and heart studies, mitochondrial dysfunction or evidence of
impaired bioenergetics has been a common finding. This is exemplified by either a change
in mitochondrial ultrastructure and/or depressed indices of bioenergetics and oxidative
phosphorylation. This is not surprising because mitochondria are a major target for free-
radical injury; however, dysfunctional mitochondria are not only less bioenenergetically
efficient, they can also generate increased amounts of ROS and are more likely to initiated
apoptosis (55). As reviewed below, it is possible that mitochondria serve as a site for
ethanol-induced ROS generation, but also may be a target of ethanol-induced ROS injury. In
particular, mitochondrial DNA is highly susceptible to oxidative stress because of the close
proximity to ROS generation and lack of protective histones and DNA repair mechanisms
compared to nuclear DNA (55).

In post mortem myocardial biopsies from human alcoholics, others have found microscopic
evidence of myocardial mitochondrial enlargement and disorganization and degeneration of
the cristae, characteristics of mitochondrial dysfunction (29). In an early electron microcopy
study of autopsy samples obtained from patients with the clinical diagnosis of ACM, Hibbs
et al. (31) reported that mitochondria were swollen two to three times their normal size and
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had few to no cristae, while other mitochondria had deformed cristae. They also reported
that myofibrils were disarrayed and fragmented (dissolution of myofilaments). Similarly,
using autopsy samples obtained from patients with the clinical diagnosis of ACM, Vikhert et
al. (35) found atrophy of myofibrils, dilation of the sarcoplasmic reticulum, increased
number of mitochondria as well as mitochondriosis (small mitochondria closely packed
together), and an increase in the number of lysosome-like structures. In contrast to the
aforementioned studies, Mir6 et al. (56) did not find evidence of mitochondrial injury in
biopsy samples obtained from long-term ethanol drinkers (7= 10). Specifically, no changes
in indices of mitochondrial respiratory chain complexes (i.e., complex I, I1, Ill, and IV
activity) or evidence of lipid peroxidation were found. Differences among human studies
may relate to a number of reasons, such as duration of drinking, degree of myocardial
dysfunction, and experimental techniques. Interestingly, in the more contemporary study by
Miro et al., ethanol drinkers had been receiving pharmacologic treatments such as beta-
blockers, which (depending on the type) have anti-oxidant effects (56).

Changes in mitochondrial function have been reported from a number of animal studies and
appear to occur in different animal species (dog and rat), as well as under different alcohol
consumption paradigms (ethanol in water or liquid diet) and after variable durations of
chronic ethanol consumption (6 weeks to 6 months). Oxidative phosphorylation is a key
element of mitochondrial bioenergetics and reflects the mechanisms of energy transduction
and respiratory control in the electron transport system. In terms of evaluating mitochondrial
function, many investigators examined changes in the mitochondrial respiratory control
index/ratio (RCI) in the presence of different substrates, mitochondrial oxygen consumption
(Qoy) (representing n7atoms of oxygen consumed per milligram of mitochondrial protein
during rapid adenosine diphosphate phosphorylation [essentially state I11 respiration]), and
the adenosine diphosphate-to-oxygen ratio. The RCI is the ratio of state 111/IV respiration,
and a decrease indicates an uncoupling of oxidation and phosphorylation. Detailed study
design and findings related to investigations reporting changes in oxidative phosphorylation
are summarized in Table 2.

Most investigators reported no change in the adenosine diphosphate-to-oxygen ratio;
however, every study found a significant decrease in the RCI and Qo, when using a
nicotinamide dinucleotide (NAD)-linked substrate such as glutamate, a-ketoglutarate, or
pyruvate (20, 22, 24-26,57).The specific finding of a decrease in state 11l respiration
suggests that adenosine triphosphate (ATP) synthesis via oxidative phosphorylation is
reduced by ethanol consumption. Recently, Hu et al. found decreased myocardial ATP
content levels along with decreased myocardial contractility (e.g., decreased ejection
fraction and factional shortening) in mice receiving ethanol (18% v/v ethanol in drinking
water) for 4 weeks (33). Although speculative, this reduction in ATP synthesis may be just
enough to depress intracellular functions such as sarcoplasmic reticulum uptake of calcium,
myofibrillar ATPase activity, and changes in cross-bridge cycling.

Others have also found a significant decrease in intramitochondrial isocitrate dehydrogenase
activity (20,24). Considering that high levels of nicotinamide adenine dinucleotide (NADH)
inhibit isocitrate dehydrogenase activity and that RCI and state |11 respiration were
depressed when using NAD-linked substrates, these observations are consistent with the
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idea of an imbalance between the reducing equivalents NAD and NADH, which in turn
could be due to ethanol metabolism. Others have found an increased level of fatty acid ethyl
esters in the alcoholic heart, which can attach to the mitochondria and disrupt mitochondria
respiratory function (32).

In a proteomic analysis of mitochondrial proteins, Fogle et al. found that 16 weeks of
ethanol consumption (40% ethanol-agar blocks) in rats was associated with changes in the
expression of several different types of mitochondrial proteins (those encoded by both
mitochondrial and nuclear DNA) (45). Several mitochondrial proteins, such as NADH
dehydrogenase, isocitrate dehydrogenase and long chain specific acyl-CoA dehydrogenase
were reduced, along with mitochondrial proteins associated with the citric acid cycle, citrate
synthase, succinyl CoA synthase and electron transport proteins, such as ATP synthase (45).
These provocative results suggest ethanol may mediate changes in mitochondrial function at
the genomic level.

In summary, there appears to be a number of ways in which mitochondrial perturbations
could contribute to both the development and progression of ACM. However, it remains to
be determined whether changes in mitochondrial function are cause or consequence.
Because the cardiac myocyte relative to other cell types, including the hepatocyte, contains
the highest volume of mitochondria, the critical mass of mitochondria negatively impacted
by ethanol before significant mitochondrial dysfunction occurs may be higher than other
tissues. Furthermore, it is now evident that mitochondria function in networks and that when
mitochondria become damaged their function can possibly restored by fusion with
neighboring mitochondria (55). Also, others have suggested that, in data from animal
models of alcoholism, there is an interaction between chronic ethanol consumption and
caloric deprivation in eliciting alterations in myocardial energy metabolism (58). Many of
the studies reviewed in this section were published more than 15 years ago and used
measurements of respiratory states (1-1V) and respiratory control index ratios. These studies
were performed in experimental conditions in which there may be multiple mitochondrial
deficits and therefore need to be interpreted with caution. More research is required using
more contemporary measures of mitochondrial function as well as determining changes in
mitochondrial DNA.

Derangements in Fatty Acid Metabolism and Transport

Aberrations in fatty acid metabolism and uptake have been implicated in several alcohol-
induced pathologies, such as hepatic steatosis and cirrhosis. The formation of fatty ethyl
esters (FAEE), which are esterification products of fatty acids and ethanol, have also been
implicated in ethanol-induced cell injury. More than 50 years ago, Lange and Sobel (59)
reported an increase in FAEE content in post mortem myocardium samples obtained from
both alcohol abusers (7= 2) and those with history of recent alcohol intoxication (7= 4).
The concentration of FAEE was variable and ranged 17-115 um; the lowest levels were
found in those with history of alcohol abuse (19 and 28 um). FAEE can attach to
mitochondria and disrupt mitochondrial function, which might explain in part the adverse
effects of ethanol on mitochondrial function. These results were intriguing at the time, but
were limited due to the small sample size.

Cardiovasc Toxicol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Piano and Phillips

Page 10

Subsequently, Beckemeier and Bora (32) postulated that increased FAEE production and
potential changes in the enzyme FAEE synthase could be a mechanism contributing to
ACM. It has also been recently demonstrated that patients (/7= 39) admitted for substance
abuse (i.e., acute alcohol abusers and alcoholics) had high plasma concentrations of FAEE
(60). Interestingly, plasma FAEE concentrations were correlated to blood alcohol
concentrations (BAC) and were twofold higher in patients with a BAC greater than 300 mg
%. Ethyl palmitate and ethyl oleate were the main FAEE detected in most subjects (52).
Although the study enrolled a small number of chronic alcohol abusers (7= 5), the chronic
alcohol abusers had greater FAEE concentrations (mean 15,086 ng/ml) compared to acute
alcohol abusers (4,250 ng/ml) (60). Importantly, FAEE were either detected in trace
amounts or not detectable in the plasma of control subjects. The idea that FAEE are
cytotoxic is supported by the fact that increased tissue levels of FAEE are considered the
mechanism underlying cell death induced by myocardial ablation: a procedure used to
control and prevent the recurrences of cardiac arrhythmias (61).

Using a C56BL/6J mouse model, Hu et al. investigated the effects of chronic ethanol
consumption on long-chain fatty acid (LCFA) uptake, LCFA gene expression (e.g., genes/
proteins involved in esterification of triglycerides), LCFA transporters, and cardiac structure
and function (33). Animals received different concentrations of ethanol in their drinking
water (10%, 14%, 18% v/v) for variable weeks (12, 8, and 4, respectively). In all three
ethanol groups, compared to control groups there was a significant increase in heart weight-
to-body weight ratios. In terms of cardiac function and structure, significant decreases in
fractional shortening and ejection fraction were found in all ethanol groups, but no other
changes were found in other echocardiography-derived parameters between the alcohol and
control groups. Intra-myocardial lipid accumulation, which was direct contact with the
mitochondria, was found in all ethanol-fed groups and was significantly correlated with
increased myocardial triglyceride content. LCFA uptake was evaluated in isolated
cardiomyocytes obtained from ethanol-fed rats and was increased in a dose-dependent
manner (i.e., greatest in 18% ethanol group) (33). Among the LCFA transport genes
examined in all ethanol groups, increases were found in Cd36 and Scd-1 expression. The
Cd36 gene encodes for proteins involved with transport of long-chain fatty acids. The Scd-1
gene encodes for stearoyl-CoA desaturase 1, an enzyme that catalyzes the rate-limiting step
in mono-unsaturated fatty acid synthesis. Genes encoding for enzymes important in de novo
fatty acid synthesis (e.g., fatty acid synthase) and lipoprotein lipase were unchanged by
ethanol consumption (33). Finally, genes related to oxidative phosphorylation (e.g., those
encoding for or part of different mitochondrial complexes, such as complex IV and
cytochrome c reductase) and mitochondrial biogenesis and metabolism (e.g., peroxisome
proliferator-activated receptor-y coactivator-1a) were decreased in the ethanol groups (33).
Although only examined in the 18% ethanol group, ATP production was significantly
decreased (5.18 + 0.54 pg/ml) compared to the control group (7.40 £ 0.64 pg/ml) (33).

Collectively, these findings indicate that ethanol consumption is associated with a dose-
dependent increase in LCFA uptake and de novo synthesis and triglyceride accumulation.
The latter corresponded to decreased myocardial ATP content levels and decreased
myocardial contractility (e.g., decreased ejection fraction and factional shortening).
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Collectively, these more recent findings of Hu et al. (33) in a mouse model corroborate those
of others (32, 60) and support a toxic role for altered fat metabolism and transport.

Accelerated Protein Catabolism and Autophagy

Others have demonstrated that long-term ethanol administration decreases myocardial
protein expression and synthesis and accelerates protein degradation, suggesting that these
alterations may represent a key pathophysiologic mechanism underlying the adverse effects
of ethanol (62). Histopathologic examination of hearts from individuals with the diagnosis
of ACM have revealed contractile protein loss, fragmentation, and disarray, supporting the
concept of altered protein physiology/composition (11, 29,31). Using a mass spectrometric-
based proteomic analysis, Fogle et al. examined the effects of 16 weeks of ethanol
consumption on rat cardiac muscle protein expression (45). Interestingly, protein categories
adversely affected included myofibrillar (~39% decrease in cc-myosin and actin),
mitochondrial (~30-40% reduction in mitochondrial dehydrogenases and electron transport
proteins [ubiquinone, adenine nucleotide translocator]), glycolytic enzymes (~45-65%
reduction in glycogen phosphorylase, alpha enolase), and fatty acid metabolism proteins
(~31-35% decrease in fatty acid transport protein and long-chain fatty acid acyl-CoA
ligase). These investigators also found decreases in peroxiredoxin 5, antioxidant protein 2,
and glutathione transferase 5, important anti-oxidant enzymes. Proteins that were increased
were signal transduction proteins such as tyrosine kinase (~2.1 fold increase) and mitogen-
activated protein kinase phosphatase (~17.5 fold increase) (45).

Ethanol-induced decreases in myocardial protein synthesis may be mediated in part by
decreases in mammalian (or mechanistic) target of rapamycin (mTOR) activity (63-65).
mTOR is a kinase that regulates cell growth, cell proliferation, cell motility, cell survival,
protein synthesis, and transcription (66). mTOR also senses cellular nutrient, oxygen, and
energy (66). Similar to other diseases associated with muscle atrophy, ethanol-induced
reductions and dysregulation of mMTOR activity may mechanistically be involved in reduced
myocardial protein synthesis, ventricular wall thinning, and dilation.

Alterations in protein physiology/content can also be due to accelerated protein degradation.
In skeletal muscle, ubiquitin E3 ligases, such as atrogin-1 and muscle RING Finger 1
(MuRF1), accelerate protein breakdown and lead to muscle atrophy (67,68). Recently, Lang
and Korzick (65) reported that 20 weeks of alcohol consumption in female Fischer 344 rats
increased myocardial atrogin-1 and MuRF1 expression (e.g., messenger ribonucleic acid
levels). In this same study, investigators found increased markers of autophagy, such as
LC3B and autophagy-related gene 7 proteins and tumor necrosis factor a, along with a
reduction in mTOR activity. Autophagy is a catabolic mechanism carried out by lysosomes
and is important for the degradation of unnecessary or damaged intracellular proteins,
therefore keeping the cell healthy. This mechanism is also important for cell and organism
survival during stress and nutrient deprivation. Under the latter conditions, autophagy via
degradation of macromolecular intracellular constituents becomes important in generating
and recycling carbons and amino acids. However, there is evidence that there is enhanced
autophagy in certain cardiac pathological conditions such as heart failure, cardiomyopathy,
and cardiac hypertrophy, conditions in which there are increased levels of angiotensin Il
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(69). Interestingly, angiotensin 1l administration induces skeletal muscle atrophy in rodents,
and mechanisms include increased expression of the E3 ligases atrogin-1/MuRF-1 (70).

Guo et al. using both FVB wild-type and mice overexpressing the enzyme alcohol
dehydrogenase (ADH transgenic mice) showed that 8 weeks of ethanol consumption was
associated with increased myocardial markers of autophagy, such as autophagy-related 7
protein (71). However, increases in autophagy proteins were more robust and significant in
the ethanol + ADH transgenic mice (71). The idea that increased autophagy is a possible
mechanism underlying the adverse myocardial effects of ethanol is very interesting,
especially in light of the relationship between mTOR, a sensor of stress and nutrient
deprivation, and the important role of autophagy and cell survival. Interestingly, activation
of mTOR leads to inhibition of autophagy. As noted above, chronic alcohol exposure leads
to a decrease in mTOR activity, which corresponds to increased markers of autophagy (65).
Furthermore, the autophagy pathway is rapidly upregulated during ATP depletion,
mitochondrial dysfunction, and oxidative stress. Considering the latter, ethanol-mediated
increases in autophagy may be an important mechanism underlying the adverse myocardial
effects of ethanol.

A summary of some of the potential cellular changes related to ethanol consumption are
shown in Figure 1. There may be more than one cellular event happening and similar to
other chronic health conditions, mechanisms maybe synergistic and inter-related.

The Pattern of Drinking and Other Mediating Factors

In this section, we briefly discuss the patterns of drinking, specifically binge, as well as
genetic variants in certain proteins/enzymes and variability in nutrition or dietary nutrients
that may influence the occurrence of ACM. In addition, also reviewed are potential ethnic or
sex difference influences.

Patterns of Drinking: Binge Drinking

Nearly all the studies reviewed herein examined the effects of daily short-term to long-term
ethanol consumption on the myocardium. The effects of a binge-pattern of drinking or
episodic heavy drinking on myocardial structure or function have not been widely
investigated. At least in terms of coronary artery disease and ischemic heart disease, binge
drinking and irregular heavy drinking are associated with risk for both (72). Recently, Piano
and colleagues examined the effects repeated episodes of binge/bender drinking on cardiac
structure and hemodynamics (73). Animals in the binge group received intragastric
administration of 5 g ethanol//kg (30% w/v solution) x 4 days (Monday, Tuesday,
Wednesday and Thursday), followed by no ethanol on Friday, Saturday and Sunday.
Animals were maintained on the protocol for 5 weeks. This model was developed because it
simulates binge/bender drinking behavior, which is characterized by the consumption of
large amounts of ethanol within a limited time frame, bringing the blood ethanol levels to >
80 mg%, followed by a period of abstinence, which mimics the pattern of drinking in human
beings (74). Five weeks of binge drinking was not associated with changes in cardiac
structure as assessed by echocardiography; however, binge drinking was associated with
increased phosphorylation of myocardial p38 mitogen-activated protein kinase, which was
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blocked by administration of the beta-antagonist carvedilol. Interestingly, the binge drinking
episodes were associated with transient increases in blood pressure that became
progressively greater with repeated episodes of binge drinking. The greater pressor response
at 4 and 5 weeks was attenuated but not completely blocked by carvedilol treatment. Binge
drinking had no long-term effect on BP because baseline BP (before binge) was unchanged
after 5 weeks. To our knowledge, this is the only study to examine the effects of binge
drinking on the myocardium. Future studies are required that would examine longer periods
of binge drinking and use other techniques to measure /n vivo cardiac function.

Genetic Variants

Similar to other diseases, genetic variation in certain myocardial proteins (e.g., angiotensin
I1) or enzymes related to ethanol metabolism (e.g., alcohol dehydrogenase [ADH] and
aldehyde dehydrogenase [ALDH]) may influence susceptibility to ethanol-induced
myocardial toxicity. To our knowledge, only one study to date has examined the relationship
between certain genetic polymorphisms and ACM. Other studies have examined the
potential interaction effect of gene variants and the occurrence of other CV risk factors and
diseases, such as myocardial infarction. With respect to ACM, Kajander et al. (75) examined
polymorphisms in certain genes that code for components of the renin-angiotensin-
aldosterone system (RAAS). At autopsy, myocardium from male victims of sudden cardiac
death (mean age 56 years) were evaluated for size (weight) and ventricular dimensions. In
this study, RAAS alleles (e.g., insertion/deletion polymorphism of angiotensin-converting
enzyme and the cytosine allele of =344 cytosine/thymidine polymorphism of aldosterone
synthase) and polymorphisms in ADH, ALDH, and microsomal ethanol oxidation system
were examined. Other data, such as history of CV risk factors and alcohol consumption,
were determined by interviews with a spouse. Even though the daily lifetime alcohol dose
was associated with increased myocardial weight and right ventricular size, there were no
significant associations with any of the studied genetic polymorphisms (75).

Husemoen et al., in a Danish Caucasian population (A= 1216 men and women), examined
the association between different levels of alcohol drinking and ADH and ALDH genetic
variants and CV risk factors (76). In that study, among all levels of alcohol consumption (no
drinking, heavy drinking, and binge drinking) and among the ADH and ALDH
polymorphisms studied, no association was found with CV risk factors such as hypertension,
increased low-density lipoprotein, or decreased high-density lipoprotein. In contrast, other
studies examining ADH variants and CV risk among moderate drinkers enrolled in large
epidemiologic studies (Physicians’ Health Study and Framingham Offspring Study) have
found a reduced risk of myocardial infarction among moderate drinkers with a variant in the
slow-oxidizing ADH genotype (77, 78).

Dietary Factors

Interestingly, many decades ago ACM was thought to arise due to nutritional deficiency,
specifically thiamine (vitamin B12). However, when alcoholic patients with ACM received
thiamine therapy or other nutritional supplements, myocardial structural and functional
changes were often not reversed. Although beyond the scope of this review, it is possible
that certain dietary components and/or deficiencies may increase either the susceptibly or
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progression of ethanol-induced myocardial changes. Reinke et al. (79), using electron
paramagnetic resonance (EPR) spectroscopy, found an increased EPR signal, representing
elevated free radical generation, in the hearts of female Sprague-Dawley rats (140-150
grams) fed a high-fat ethanol-containing diet compared to those fed a control or low-fat
ethanol diet. Animals received either the 1982 formulation of the Lieber DeCarli diet (fat
35% of total calories), or low-fat Lieber DeCarli diet (fat 12%). Findings from this study
suggested that the presence of a moderate to high amount of dietary fat increased the
production of free radicals over low-fat ethanol- containing diets. Interestingly, the amount
of fat deemed high (35% of calories) is similar to the amount consumed by most Americans.

Others have examined the potential effects of micronutrient deficiencies (such as zinc) on
ethanol-induced changes in the heart. Wang et al. found evidence of ethanol-induced
changes in mitochondrial structure that were more pronounced in a metallothionein knock-
out mouse model compared to wild-type mouse (80). Metallothionein binds zinc within the
cell and is important for overall zinc homeostasis. In that study, zinc supplementation
suppressed some of the ethanol-induced changes in both the metallothionein knock-out
mouse model and wild-type; however, ethanol-induced mitochondrial swelling and
disorganization remained in both mouse groups.

Edes et al. examined the effects of vitamin E supplementation on ethanol-induced changes
in the ultrastructure of the myocardium and indices of oxidative stress and found increased
levels of LV conjugated dienes and decreased glutathione levels in male rats that received
ethanol (27% v/v) in their drinking water for 6 weeks (40). In that study, the daily co-
administration of vitamin E (10 mg/kg) or another antioxidant, cyanidanol-3 (300 mg/kg),
prevented these changes (40).

Racial and Sex Differences

To date, no studies have examined potential ethnic differences in the occurrence or
pathophysiology of ACM. However, two large epidemiologic studies analyzing data from
two large national databases (the National Health and Nutrition Examination Survey |
Epidemiologic Follow-Up Study and the Atherosclerosis Risk in Communities Study) have
examined the cardioprotective effects of different levels of ethanol consumption and
incidence of coronary heart disease between Black and White individuals. Others have
extensively described the J-shaped relationship between alcohol consumption and CV
morbidity and mortality and all-cause mortality, with low-to-moderate alcohol consumption
associated with lower CV morbidity and mortality and all-cause mortality. However, neither
Fuchs et al. (81) nor Sempos et al. (82) found a positive association between ethanol
consumption and incident coronary heart disease or all-cause mortality, respectively, for
Black men or women. Fuchs et al. reported a positive association between ethanol
consumption and incident coronary heart disease for Black men (for a 13-g/day increment in
ethanol consumption, adjusted hazard ratio [HR] = 1.13, 95% confidence interval [CI]: 1.01,
1.28) and an inverse association for White men (HR = 0.88, 95% CI: 0.79, 0.99). Sempos et
al. also did not find a beneficial effect for any level of alcohol consumption in African
American men or women on all-cause mortality. However, Sempos et al., after adjusting for
systolic blood pressure and use of antihypertensive medications, found that the detrimental
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effect of alcohol consumption on all-cause mortality risk was reduced for men but not for
women. Although the differences in the findings between Black and White populations
remains unknown, authors have postulated that differences could be attributable or
confounded by lifestyle characteristics or drinking patterns among drinkers.

Sex Differences

Long-term heavy ethanol consumption is associated with many adverse medical
consequences in both men and women. Ethanol affects women differently and imposes
different medical risks compared to men. There are also important interactions with either
the presence or absence of hormones such as estrogen. For example, research suggests that
as little as one drink per day can increase the risk of breast cancer in some women,
especially those who are postmenopausal or have a family history of breast cancer (83).
Some reports in human beings indicate that alcohol-dependent women develop an ACM
after consuming less ethanol over a shorter period of time than do age-matched alcohol-
dependent men (11, 84). However, other data, in particular data from epidemiological
studies of people with the diagnosis of dilated cardiomyopathy suggest that women are not
more vulnerable to ACM (13,14).

Results from investigations in animal models have been equivocal. Using an isolated atrial
preparation, Kennedy et al. found no negative CV effects of long-term (6-month) ethanol
consumption in female rats, whereas tension was significantly decreased in male rats (85). In
a study using exclusively female rats and a Langendorff preparation to evaluate cardiac
performance, Lochner et al. found no negative effects of long-term ethanol consumption (18
months) (86). Piano and colleagues examined the effects of long-term (8 months) alcohol
consumption in adult male and female sham-operated (sham) and ovariectomized (OVX)
Sprague-Dawley rats (87). All ethanol groups showed echocardiographic evidence of ACM,;
however, more significant ethanol-elicited differences were found in male group compared
to either the female sham or female OV X groups. In addition, the male ethanol group had
significant reductions in /n vivo measures of contractility, such as the maximum derivative
of change in systolic pressure and preload recruitable stroke work (87). Sex differences were
also apparent in the pattern and degree of posterior and septal wall thickness changes, in that
the male ethanol group had more posterior and septal wall thinning. Vary et al., using
echocardiography, examined the effects of long-term ethanol consumption (26 weeks) on
cardiac structure and function in male and female rats and found that chronic alcohol
consumption in males, but not in females, was associated with a thinning of the ventricular
wall and intraventricular septum (88). The alterations in cardiac size in male rats occurred,
in part, through a lowering of the protein content secondary to a diminished rate of protein
synthesis. Fogle et al. examined myocardial structural changes and myocardial protein
expression in male and female rats following 18 weeks of alcohol consumption (89). Except
for a decrease in end-diastolic dimension, no changes in echocardiographic parameters were
found between control and alcohol-fed female rats. In contrast, in the male ethanol group,
decreases were found in left ventricular mass, stroke volume, cardiac output, and end
diastolic dimension compared to the control group. Using a proteomic approach, these
investigators reported changes in mitochondrial oxidative phosphorylation proteins, such as
complexes | (NADH dehydrogenase), 111 (cytochrome b-c 1), complex IV (cytochrome ¢
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oxidase) and V (ATP synthase) were upregulated in the male ethanol group compared to
male controls, whereas no changes (or tendency for downregulation) were found in the
female ethanol group (89). Troponin proteins (troponin C and 1) were upregulated in the
female ethanol group and downregulated in the male ethanol group, compared their
respective controls (89). Interestingly, glutathione peroxidase expression and fatty acid
oxidation enzymes, such as carnitine palmitoyltransferase 2 and 2,4-dienoyl CoA reductase
were downregulated in the male ethanol group, but no changes were found in the female
group. These findings by Fogle et al. support the idea that mitochondrial proteins (those
encoded by mitochondrial and nuclear DNA), as well as enzymes involved in protecting
against oxidative stress, and modulating fatty acid metabolism are altered by ethanol,
supporting the idea that genetic alterations may also be mediating ethanol-induced changes
in cardiac structure and function (89).

Finally, in an interesting study, Mackie and Colleagues examined the interaction effects of
estrogen replacement therapy and alcohol consumption on endothelial progenitor cell
mobilization in a female mouse model of acute myocardial infarction (90). Ethanol
consumption (6 weeks) decreased the protective effects of estrogen on post-infarct repair
and decreased endothelial progenitor cell mobilization and survival. Decreased endothelial
progenitor cell mobilization and survival was associated with corresponding decreases in
anti-apoptotic and cell survival proteins (protein kinase B (Akt)/extracellular signal-
regulated kinase signaling) and increases in pro-apoptotic proteins (c-Jun N-terminal kinase)
(90). In the area of ACM, understanding sex differences and potential interaction effects of
estrogen remains an important area of inquiry.

Current Therapies for ACM

Treatment of ACM occurs when individuals present with signs and symptoms of heart
failure (HF). Individuals with ACM will be treated based upon whether they present with
signs and symptoms of reduced ejection fraction HF (ejection fraction < 40%) or HF with
preserved ejection fraction (ejection fraction= 50%). Those presenting with signs and
symptoms of HF and an ejection fraction < 40% should receive an angiotensin converting
enzyme inhibitor or angiotensin receptor blocker and a 3 -adrenergic blocker (91).
Depending on other signs and symptoms, treatment with diuretics or cardiac glycosides may
be warranted. As reviewed above, there is considerable evidence from animal studies
indicating that the renin-angiotensin system is a mechanistic component in the development
of ACM. Others have reported that current guideline directed therapy and inclusion of
angiotensin converting enzyme inhibitors is associated with improvement in LV function in
individuals with the diagnosis of ACM (4,13). Although there is limited information, alcohol
abstinence is recommended, since continued drinking despite optimal HF therapies is
associated with poorer prognosis and increased cardiovascular mortality (4,92). In all
patients with HF, regardless of HF etiology, alcohol consumption should be limited to low
to moderate levels (eg. no more than 1-2 standard drinks per day) and no one should drink
every day (93). In addition, comprehensive lifestyle management recommendations
(incorporated as components of cardiac rehabilitation programs) including diets for weight
management and exercise guidelines typically recommended for HF patients are indicated
(94) In terms of HF with preserved ejection fraction (HFPEF), there is no research to
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support specific therapies such as angiotensin converting enzyme inhibitors. Treatment
should be directed at controlling potential risk factors such as hypertension and the presence
of other co-morbidities, such as atrial fibrillation and diabetes.

Summary and Future Directions

In the United States, alcohol is the most used and abused substance. Results from the 2010
National Survey on Drug Use and Health indicate that more than half of all Americans
greater than 12 years old (131.3 million people) report being a current drinker of alcohol,
and 6.7% of Americans (16.9 million people) report drinking more than 5 drinks on each of
5 or more days in the past 30 days (95). Alcoholic cardiomyopathy is just one of many
adverse consequences of long-term heavy alcohol consumption. More than likely, ACM
prevalence is underestimated because often in clinical settings a history of alcohol
consumption is either not assessed or derived from self-report. Similar to other chronic
health conditions, ACM may develop and evolve due to several inter-related mechanisms,
such as oxidative stress, apoptotic cell death, impaired mitochondrial bioenergetics/stress,
derangements in fatty acid metabolism and transport, and accelerated protein catabolism
(Figure 2). There are data from pharmacologic and transgenic animal studies, that strongly
suggest role for oxidative stress early in the development of ACM and which may come
about either from ethanol metabolism or activation of neurohormones such as angiotensin I1.
Genetic susceptibility, nutritional factors, ethnicity, and sex may moderate development of
ACM. Moreover, in the setting of ACM, the potential effects of epigenetic mechanisms may
be involved, such as methylation or acetylation of histone complexes associated with
deoxyribonucleic acid or increases in the expression of small non-protein-coding ribonucleic
acids, but these mechanisms remain to be investigated. Both of these mechanisms influence
gene expression and are implicated in ethanol abuse toxicity and cardiovascular disease
(96,97). Future considerations related to ACM include the following:

1. Alcohol is a major contributor to mortality and years of potential life lost.
Therefore, more investigations should be conducted enrolling individuals affected
by alcohol dependence to better understand the development and progression of
ACM, as well as outcomes related to ACM. Often, studies enrolling alcohol-
dependent individuals are subjected to a high level of confounding variables (i.e.,
hypertension, diabetes, medications, and nutritional deficiencies). Therefore,
animal models remain an important method for examining the effects of alcohol.
When using animal models, it is important to use an ethanol consumption paradigm
that allows for high levels of ethanol consumption and blood ethanol levels and
provides adequate nutrition. It is also important for studies to have measures of
myocardial structure and function to understand the consequence of tissue and
cellular changes.

2. Studies need to be designed to examine the interaction of environmental,
nutritional, genetic, and epigenetic factors. Recently, the National Institute on
Alcohol Abuse and Alcoholism identified the interaction of alcohol consumption
and nutrition as an understudied area of alcohol research (National Institute of
Health, PA-13-359, Nutrition and Alcohol-Related Health Outcomes, 2013).
Importantly, research questions are warranted that target examination of the
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interactions among drinking patterns, dietary patterns, and the influence on certain
chronic conditions on heart outcomes. These studies should include evaluation of
the role of dietary factors, including essential micronutrients and non-nutrient
bioactive component of foods, in the development, prevention, and treatment of
alcohol-associated organ damage.

3. Understanding the myocardial microRNA expression patterns and changes in
epigenetic factors/mechanisms.

4. A large amount of evidence indicates that ethanol-related changes occur in the
mitochondria. Changes include defects in mitochondrial structure and a decline of
mitochondrial oxidative phosphorylation and respiration function and efficacy.
Ethanol may interfere with the synthesis of either mitochondrial DNA or nuclear
DNA-encoded proteins thus impairing oxidative phosphorylation and overall
function of the mitochondria. Future studies could examine if these changes are
related to corresponding mutations in mitochondrial DNA (mtDNA), such as the
4.9977 bp mtDNA deletion, which often reflects oxidative stress. Mitochondrial
DNA mutations caused by ethanol may contribute to the development of ACM.
Interventions that target the reversal of mitochondrial dysfunction in the context of
ACM appear to be an important future approach to treatment.

5. The effects of a binge-pattern drinking or irregular heavy drinking on myocardial
changes have not been widely investigated.

6. Continuing to understand mechanisms that include oxidative stress and activation
of intracellular signaling cascades that are involved with mediating cell
proliferation, hypertrophy, cell death, and accelerated protein breakdown.

Individuals with alcohol use disorders experience high levels of mortality. Investigating the
mechanisms, consequences, and potential treatment options for ACM remains a very
important area of research.
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Figure 1.
Summary of potential cellular changes related to ethanol. Ethanol-induced changes may be

related to oxidative or non-oxidative pathways of ethanol metabolism. More than one
mechanism may be activated that lead to the multitude of ethanol-induced changes in
cellular proteins and cell function. As reviewed in text, data from pharmacologic and
transgeneic approaches, have revealed an important role for oxidative stress and the
hormone, angiotensin 1.

Abbreviations used: ANG Il — angiotensin 1, ATP — adenosine triphosphate, ATG — atrogin,
mTOR - mammalian (or mechanistic) target of rapamycin (nTOR) activity, CYP2E1 -
cytochrome P450 2E1, FAEE - fatty ethyl esters, NADPH oxidase/NOX-nicotinamide
adenine dinucleotide phosphate-oxidase, ROS — reactive oxygen species.
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Figure 2.
Pathophysiologic schema for the development of ACM. As noted in text the exact amount

and duration of alcohol consumption that results in ACM in human beings is variable. The
exact sequence for the development of ACM remains incompletely understood, data from
animal models and human beings with a history of long-terms suggest oxidative stress
maybe an early and initiating mechanism. Many cellular events, such as intrinsic myocyte
dysfunction, which is characterized by changes in calcium homeostasis and regulation and
decreased myofilament sensitivity, can come about due to oxidative stress. Variables in light
blue circles represent potential mediating factors.

Cardiovasc Toxicol. Author manuscript; available in PMC 2015 December 01.

| Race/ethnicity

— l Female

—

/

)5



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Piano and Phillips Page 27

Table 1

Potential ethanol-induced sources of reactive oxygen species

Ethanol metabolism

. An 1 in the flux of reducing equivalents into the electron transport chain due to an 1 in nicotinamide adenine dinucleotide
production related to ethanol metabolism (+ NADH/NAD* ratio).

. An 1 alcohol dehydrogenase metabolism of ethanol and accumulation of acetaldehyde (leading to ROS formation and acetaldehyde
adduct formation).

. Nonoxidative metabolism by fatty acid ethyl ester synthase and/or phospholipase D.

Ethanol affects on antioxidant proteins and antioxidant enzymes

. Alcohol-induced inhibition of transport proteins responsible for transporting glutathione from cytosol into the mitochondria (eg.,
glutathione transport from cytosol into the mitochondria) and | antioxidant enzyme levels and activity (eg., superoxide dismutase).

Activation/alteration in neurohormonal systems
. Increased autoxidation of catecholamines

. 1 angiotensin 11 and norepinephrine levels

Abbreviations NADH/NAD™ - Nicotinamide adenine dinucleotide reduced/ nicotinamide adenine dinucleotide.

Cardiovasc Toxicol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Piano and Phillips

Table 2

Data supporting changes in indices of mitochondrial dysfunction
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Reference

Study Characteristics

Findings

William ES and Li
T-K.57

. Sprague Dawley rats

. Initial body weight 180-200 g (ending
body weight 250 to 280 g) — representing
about a 40% 1 body weight

. 42 to 52 days of ethanol consumption
(Lieber DeCarli diet 1982 formulation)

. Blood ethanol levels not reported

No change in rates of glutamate, succinate or
malate oxidation, however there was a significant
decrease (20%) in state 111 respiration when
pyruvate was used as a substrate. State IV was
also decreased (17%).

Sarma JSM, lkeda
S, Fischer R et
al. 20

. Adult canine animal model

. Ethanol in drinking water and food for 29
months

. No information about body weight gain/
growth

. Blood ethanol levels: 150-200 mg%

Measured respiratory control indexes in the
presence of several different substrates:
Succinate-rotenone (no change); Glutamate
(decreased but not significant); Pyruvate (no
change). With all of these substrates there was a
significant decrease in the Qo; ratio.

No difference in ATP, ADP, AMP or CP levels.
Significant decrease (28%) in NADP-ICDH ratio.

No change in glycolic enzymes such as PK, PFK,
and GAPDH.

Bing RJ,
Tillmanns H,
Fauvel J-M et
al. 2

. Adult canine animal model
. Alcohol in drinking water for 6 months

. Dogs were withdrawn for 2 days before
study

. No information about body weight gain/
growth

. Blood ethanol levels: 150 — 255 mg%

No change in ATP levels.

Significant decreases in RCI (range for all
substrates 35-45%) and Qo ratio (range for all
substrates 35-48%) with succinate, glutamate-
oxaloacetate, pyruvate-malate and p-hydroxy
butyrate. No change in ADP:Oxygen ratio.

Marked decrease in mitochondrial calcium
binding and uptake.

Weisharr R, Sarma
JS,Maruyama Y et
a|_22

. Sprague Dawley rats

. 25% ethanol in drinking water for 6-8
wks.

. Approximately 7-13% loss in body
weight between start and end of alcohol
consumption protocol.

. Blood ethanol levels not reported

At 6 and 8 wks, significant decreases in RCI in
the presence of glutamate-oxaloacetate (10% . at
both time points) and succinate (6—-8% at both
time points) as substrates.

Pachinger OM,

Tillmanns H, Mao
\].24

. Adult canine animal model

. 14 weeks of ethanol in drinking water and
food

. Blood ethanol levels: 180-240 mg%
. Studies after 2 days of ethanol withdrawal

. No information about body weight gain/
growth

Sign decrease in intramitochondrial NAD-ICDH
activity.

Sign decrease in RCI and Qo,using both
succinate (RCI - 33%, and Qo,- 36%) and
glutamate/oxaloacetate (RCI - 34%, and Qo,-
41%)as substrates. No change in ADP/O ratio.

Small by significant decrease in ATP.

Segel, LD, Rendig
SV, Choquet Y et
a|'25

. Sprague Dawley rats

. Animals receive progressive amounts of
ethanol (5% to 25%) over a period of 3—
6 months in their drinking water

. Small (2—- 3%) difference in body weights
between control and ethanol groups.

Significantly lower RCR and QO, were found in
animals receiving highest ethanol concentration
(25%) for 6 months compared to control animals.
No change in ADP/O ratio.
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Abbreviations: ADP-Adenosine monophosphate, ADP: O - Adenosine monophosphate : oxygen ratio (nmoles of ADP phosphorylated to the
natoms of the oxygen consumed), AMP — adenosine monophosphate, ATP — adenosine triphosphate, CP — creatinine phosphate, GADPH -
glyceraldehyde-3-phosphate dehydrogenase, ICHD - isocitrate dehydrogenase, PFK, phosphofructokinase, PK —pyruvate kinase, NAD -
Nicotinamide adenine dinucleotide, Qo2 - mitochondrial oxygen consumption (Qo2) (representing 77 atoms of oxygen consumed per milligram of
mitochondrial protein during rapid adenosine diphosphate phosphorylation, RCI — respiratory control index/RCR — respiratory control ratio: (ratio
of oxygen consumption in presence of added ADP to that after ADP has been phosphorylated).
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Summary of studies using pharmacologic inhibition or genetic manipulation to suppress ethanol-induced
changes in cardiac structure and function.

oxidative stress via
pharmacologic
inhibition of the
AT1 receptor
(Losartan, 5 mg/kg/
day) and via anti-
oxidant treatment
(carnitine,2 g/day).

- Canine model,
ethanol (22% in

canine group) along with
improvements biomarkers of
oxidative stress (tsuperoxide
dismutase and glutathione
peroxidase activity and |
malondialdehyde protein
levels). Also, significant | in
measures (TUNEL) and
markers of apoptosis ({. pro-
apoptotic BAD protein
expression and T BCL-xI anti-
apoptotic protein expression.

Reference Pathophysiologic Consequences of Comment/Interpretation
mechanisms targeted pharmacologic/genetic
and experimental suppression of
approach pathophysiologic
mechanisms on cardiac
tissue, structure and
function
Cheng C-P - Prevention of - Irbesartan prevented ethanol- 1 This was the first investigation
etal. angiotensin I induced LV remodeling (ie., to demonstrate that long-term
200647 activation of AT1 LV dilation and chamber ethanol consumption 1
receptors via stiffness) and decreases in myocyte AT1 receptor
pharmacologic systolic function (ie. | stroke expression and plasma ANG 11
inhibition volume, cardiac output and levels, which corresponded to
(Irbesartan 5 mg/kg/ load-insensitive measures of LV dilation and systolic and
day). LV contractile performance). diastolic dysfunction.
. The negative effects of ethanol Angiotensin receptor blockade
- Canine model, on isolated myocyte reversed all of the latter. Also
ethanol (22% in contractility and relaxation parallel contractility
food) once/day for 6 parameters, was also experiments were performed
months prevented by Irbesartan. in isolated myocytes and
Finally, Irbesartan prevented findings in the isolated
in plasma renin activity and myocytes also demonstrated
ANG 1 levels, cardiac tissue pronounced changes in
ACE activity and 1 systolic and diastolic
myocardial AT1 receptor parameters.
expression. L . .

2 Similar to other angiotensin
receptor blockers (ARB),
Irbesartan has antioxidant
effects and others have shown
that Irbesartan treatment is
associated with marked
reduction in inflammatory/
oxidative stress circulating
and tissue proteins, therefore it
is plausible that the beneficial
effects of ARB therapy is to
reduce oxidative stress.

3 Even though there was
depressed cardiac output and
systolic dysfunction, there
were no signs or symptoms of
heart failure.

4 The dogs consumed their food
and drinking water containing
ethanol within one hour,
therefore this model may be
more representative of a
‘chronic binge model.”

Jing et al. - Reduction in - In dogs receiving Losartan + 1 Angiotensin receptor blockade
(2012)%0 cytochrome P450 ethanol, there was a | in was associated with a |.
2E1 (CYP2E1) CYP2EL1 activity (which was CYP2EL1 activity, oxidative
activity and significantly 1 in ethanol alone stress and apoptosis. T

CYP2EL1 activity can lead to
the formation of reactive
oxygen species and ANG Il is
also known to increase
oxidative stress. However the
mechanistic link between AT1
receptor activation and
modulation of CYP2E1
activity remains elusive.

2 L-carnitine is an antioxidant
and increases the activity of
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overexpression to
increase the
metabolism of
acetaldehyde.
Increased
acetaldehyde levels
may lead to
oxidative stress,
therefore enhancing
the metabolism/
breakdown should
ameliorate the
negative effects of
acetaldehyde.

- Mice, 12 week
ethanol liquid diet
(4 %viv).

Cardiovasc Toxicol. Author manuscript; available in PMC 2015 December 01.

Reference Pathophysiologic Consequences of Comment/Interpretation
mechanisms targeted pharmacologic/genetic
and experimental suppression of
approach pathophysiologic
mechanisms on cardiac
tissue, structure and
function
food) once/day for 6 - B-type natriuretic peptide antioxidant enzymes and
months (BNP) levels were increased improves the overall
(~400 pg/ml) in ethanol-fed antioxidant capacity in healthy
animals however there were humans. Similar to Losartan
no other signs of heart failure treatment, L-carnitine |
CYP2EL1 activity, oxidative
stress and apoptosis.
An Increase in BNP suggests
the presence of heart failure,
however no other evidence of
HF was present.
Similar to Cheng et al. dogs
consumed their food and
drinking water containing
ethanol within one hour,
therefore this model may be
more representative of a
‘chronic binge model.’
Li S-Y et - Cardiac ADH - In the transgenic ADH FVB Findings related to LV
al. 200848 transgenic receiving ethanol for 12 weeks function and remodeling,
overexpression to there was evidence of LV suggest that increased
increase the remodeling exemplified by concentrations of acetaldehyde
metabolism of increases in EDD, ESD and can exacerbate ethanol-
alcohol to LV mass. LV mass was induced decreases in systolic
acetaldehyde, approximately 16% greater in function, however synergistic
therefore resulting the ADH transgenic + ethanol, effects on LV structure were
in increased compared to FVB + ethanol only found for LV mass which
acetaldehyde levels. and FS % values were also was 16% greater in the ADH
Acetaldehyde may lower compared to ethanol +ethanol group compared to
enhance free radical alone group (41% FVB and ethanol alone.
generation and 33.7% ADH). Insulin i
oxidative stress. signaling (ie., insulin- Ethanol consumption
) stimulated uptake of glucose depressed insulin signaling at
- Mice, 12 week isolated myocytes, insulin- both the receptor and post-
ethanol liquid diet stimulated tyrosine receptor levels all of which
(4 %Viv). phosphorylation and activation was more pronounced in the
of other proteins, glycogen ADH transgenic group.
synthase kinase-3p) were also
more impaired in the ADH +
ethanol group.
Li S-Y et - Cardiac ALDH2 - In the transgenic ALDH2 FVB These findings interpreted
al. 2009 transgenic cardiac receiving ethanol for 12 weeks with those from this same

there was no evidence ethanol-
induced changes in contractile
function (determined by
evaluating mechanical
properties of isolated
myocytes) and there was an
attenuation of ethanol-induced
increases in heart weight-to-
body weight ratio. Also there
was no evidence of impaired
insulin signaling at both the
receptor and with post-
receptor signaling events (ie.,
insulin-stimulated uptake of
glucose isolated myocytes,
insulin-stimulated tyrosine
phosphorylation and activation
of other proteins [eg.,
glycogen synthase kinase-3p]).

author group, suggest that
acetaldehyde accumulation in
the presence of ethanol
consumption may have
adverse effects on the
myocardium that are mediated
through acetaldehyde-
impaired insulin signaling.
Individuals who may be at risk
for increased levels of
acetaldehyde, such as those
with altered isoforms of
ALDH which resultsin a
slower metabolism of
acetaldehyde, may be at risk
for ethanol + acetaldehyde
interactions. In healthy
individuals without the ALDH
variant, acetaldehyde is
rapidly metabolized without
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cytochrome P450
2E1 (CYP2EL)
inhibitor, diallyl
sulfate (100
mg/kg/d).

Reference Pathophysiologic Consequences of Comment/Interpretation
mechanisms targeted pharmacologic/genetic
and experimental suppression of
approach pathophysiologic
mechanisms on cardiac
tissue, structure and
function
any appreciable accumulation
within the heart.
Tanetal. - Pharmacologic - Elimination of fibrosis and | 1 The finding that LV
(2012)%3 inhibition of the in connective tissue growth remodeling changes were not
AT1 receptor (AT- factor in AT1-KO + ethanol present in the AT1-KO
KO mouse) and and wild-type +SOD mimetic ethanol-fed group, despite
oxidative stress (via + ethanol elevated plasma angiotensin 11
administration of a . levels strongly suggests a role
superoxide - In AT1-KO mice + ethanol for angiotensin I1 post-
dismutase (SOD) therewasno receptor signaling in
mimetic manganese echocardiographic evidence of mediating both remodeling
(1), tetrakis (1- cardiac remodeling or systolic changes and adverse cellular
methyl-4-pyridyl) dysfunction. effects, like apoptosis.
orphyrin : . Activation of the AT1 receptor
?MET}L;,AP) in wild- . 3‘0 evidence of nitrative also involves PKC-p1- P
t p lamage or apoptosis in either d dent activation of
ype mice. ependent activation o
g:%evT”ﬁfo e@g%ge;nﬁggigr specific NOX isoforms. These
+ ethanol yp mechanisms may be important
: in the early development of
- Plasma and cardiac tissue ACM, a time period when LV
angiotensin 11 levels were systolic function remains
increased in both ethanol-fed within normal limits, since
groups. even though there was a
decrease in the EF in ethanol-
fed wild-type mice, the
ejection fraction (67%)
remained within normal limits.
2 MnTBAP administration
significantly reduced alcohol
induced cardiac cell death.
Zhang et - Pharmacologic - In ethanol-fed mice treated 1 These results suggest that
al. 20132 administration of a with diallyl sulfate both oxidative metabolism of

oxidative stress and apoptosis
were inhibited along with the
development of myocardial
fibrosis and decreases in
contractility.

ethanol via CYP2E1 may
generate oxidative stress,
which in turn results in
apoptosis, adverse cardiac
tissue histological changes and
intrinsic myocyte dysfucntion.

Abbreviations used: ADH - alcohol dehydrogenase; ALDH2 - aldehyde dehydrogenase 2, AT1-angiotensin | receptor; BAD - Bc/l-2-associated
death promoter protein; LV — left ventricle, MNnTBAP - manganese (I11), tetrakis (1-methyl-4-pyridyl) porphyrin, TUNEL - terminal
deoxynucleotide transferase-mediated dUTP-bioten labeling.
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