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throughout the world. In the United States, about half of

the adult population actively consumes alcoholic beverages
and about 15 to 20 million people suffer from alcoholism (1).
According to a 1990 survey by the US Department of Health and
Human Services, alcohol is the third leading cause of preventable
mortality, behind cigarette smoking and obesity, with about 100,000
deaths annually and an annual economic burden of more than $100
billion in the US (2,3).

Alcohol consumption can lead to a variety of abnormalities in
the liver including steatosis, alcoholic hepatitis, and hepatic fibrosis,
which typically precede the development of alcoholic cirrhosis, an
end-stage liver disease most often requiring liver transplantation.
Alcoholic cirrhosis is also a major risk factor for hepatocellular
carcinoma that accounts for nearly 6% of all human cancers. Alcoholic
liver disease affects more than 2 million people in the United States.
According to a US surveillance report, liver cirrhosis was the 10"
leading cause of mortality in 1997 accounting for approximately
25,000 deaths in that year (4). Another 10,000 died of liver cancer,
which in the majority of the cases involves underlying cirrhosis.

GENDER

The most important factors in the pathogenesis of alcoholic liver
disease are the amount and duration of alcohol consumed. It has
also been consistently observed that the incidence of alcohol-induced
liver injury is higher and progresses faster among women than among
men with a similar history of alcohol abuse (5,6). In addition, women
are at a higher risk of developing liver injury than men, even when
factors such as body weight and amount of alcohol consumed are
taken into consideration. The average threshold alcohol intake to
produce liver injury is 40 g/day to 60 g /day (3 to 5 drinks) in men
but only 20 g/day (<2 drinks) in women with a drink defined as

S lcohol (ethanol) is one of the most commonly abused drugs
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12 0z (354 mL) of beer, 5 oz (148 mL) of wine or 1.5 oz (44 mL) of
80-proof distilled spirits, each containing about 12g of alcohol (7,8).
In a 12-year longitudinal study of more than 13,000 individuals in
Denmark, a steep dose-dependent increase in relative risk of liver
disease was found above a threshold of 14-27 drinks per week in
men and 7-13 drinks per week in women (9). Although there was a
dose-dependent increase in relative risk of developing liver disease
for both men and women, women were at significantly higher risk
at all levels of alcohol intake. Thus, a level of alcohol consumption
considered safe in men is not necessarily safe in women.

For a given amount of alcohol consumed, women have higher
blood alcohol concentrations than men. This is due, in part, to the
fact that the distribution of alcohol occurs in a smaller water space
in women because of their smaller body size and a higher proportion
of fat (10). However, the major mechanism implicated is women’s
lower gastric alcohol dehydrogenase (ADH) activity compared with
men under 50 years of age (10,11). ADH is the enzyme responsible
for the metabolism of a substantial amount of alcohol before it enters
systemic circulation (discussed below). Thus, lower ADH activity
results in decreased breakdown of alcohol in the stomach and higher
levels in the bloodstream. Alcohol abuse decreases gastric ADH
activity even further (10). Consequently, a large proportion of
ingested alcohol may reach the liver, thus contributing to the greater
susceptibility of women to liver injury. Older women, however, have
comparable or even higher gastric ADH activities, because gastric
ADH decreases with age only in men and not in women (11).

ETHNICITY

Apart from gender differences in alcohol metabolism, there is
evidence that ethnicity may influence drinking behavior and the risk
of alcoholic liver injury. Genetic studies have shown that the liver
enzymes ADH and acetaldehyde dehydrogenase (ALDH, t he enzyme
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Figure. Alcohol (ethanol) metabolism in liver by alcohol
dehydrogenase (ADH) and cytochrome P-450 (CYP)2E1 pathways.
ALDH = acetaldehyde dehydrogenase

NAD* = nicotinamide adenine dinucleotide

NADH = reduced NAD*
NADP+ = nicotinamide adenine dinucleotide phosphate
NADPH = reduced NADP*

that catalyzes the conversion of acetaldehyde to acetate) are
polymorphic in humans and display strikingly different catalytic
properties among different racial populations. The ADH2*2 and
ADH3*1 alleles, which encode enzymes that metabolize alcohol rapidly,
are more frequent in Chinese and Japanese populations (12,13). ALDH
exists in two major forms in the liver, ALDH1 and ALDH2, the latter
showing high affinity, [low Michaelis constant (Km)] for acetaldehyde
and is responsible for most acetaldehyde oxidation. The ALDH2 gene
exists in two allelic forms: ALDH2*1 and the inactive ALDH2*2 form.
The inactive isoenzyme is present in about 50% of the Chinese and
Japanese population. The highly active ADH and the inactive ALDH
alleles in these populations are associated with aversion to alcohol
and protection against alcoholism because of acetaldehyde toxicity (14).
Shortly after drinking alcohol, these individuals develop facial flushing,
palpitation, hypotension, and nausea, which lead to alcohol avoidance
and toa decreased risk of alcoholism and alcohol-related liver disease.

ALCOHOL METABOLISM AND LIVER
INJURY

Two major enzyme systems are involved in the metabolism of alcohol
in the liver: ADH and the microsomal ethanol-oxidizing system (MEOS)
(Figure). ADH has a high affinity (low Km: 0.2-2 mM)for alcohol and
accounts for essentially all alcohol metabolism when blood and tissue
concentrations are low. However, when the concentrations are high,
MEOS, with a lower affinity (high Km: 8-10 mM) for alcohol, can also
contribute to alcohol metabolism.

ADH converts alcohol to acetaldehyde by removing hydrogen.
Then a second enzyme, aldehyde dehydrogenase in hepatic
mitochondria, oxidizes acetaldehyde to acetate by removing additional
hydrogen and adding oxygen. In peripheral tissues, acetate is converted
to acetyl coenzymes A and subsequently to CO, and water.
Acetaldehyde is a potent toxic metabolite of alcohol and contributes
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to liver injury in several different ways (15). Acetaldehyde
promotes cell death by depleting glutathione levels and inducing
oxidative damage. Acetaldehyde binds to specific amino acid
residues on structural and functional proteins of the cells to form
acetaldehyde-protein adduct leading to cellular injury. For
example, by binding to the highly reactive lysine residue on the
cytoskeletal protein tubulin, acetaldehyde can impair microtubule
assembly and function. Acetaldehyde-protein adducts also activate
hepatic stellate cells to produce excess extracellular matrix protein
leading to alcoholic fibrosis (16). These adducts have been
detected by immunohistochemical staining of liver biopsies of
individuals with early-stage liver disease (17,18). Oxidized
nicotinamide-adenine dinucleotide (NAD") is converted to
reduced NAD (NADH) during the production of acetaldehyde,
leading to a shift in the redox state of the hepatocytes which, in
turn, results in the inhibition of fatty acid oxidation that favors
steatosis and hyperlipidemia (15).

The other alcohol oxidation pathway MEOS also converts
alcohol to acetaldehyde. The critical component that mediates
this conversion is cytochrome P-450 (CYP) 2E1, which is induced
predominantly in the hepatocytes by alcohol (19). CYP2E1 utilizes
reduced niotinamide-adenine dinucleotide phosphate NADPH,
which is converted to NADP* by NADPH oxidation with the release
of oxygen-derived free radicals as a by-product. Thus induction of
CYP2E1 can result in greater rates of NADPH oxidation leading to
increased production of reactive oxygen species (ROS). A number
of invitro studies have shown that induction of CYP2E1 by ethanol
is associated with generation of ROS, lipid peroxidation, and
mitochondrial damage (20). This is further supported by a number
of animal studies showing a correlation between CYP2E1 induction
and alcohol induced liver disease (20). However, the precise role
of CYP2E1 from these studies remains to be understood in view
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of the evidence that alcoholic liver injury in experimental animals can
be prevented despite the induction of CYP2E1 (21). CYP2EL is also
involved in the metabolism of several drugs including halogenated
anesthetics, the nonsteroidal anti-inflammatory drug phenylbutazone,
acetaminophen, and even vitamins such as retinol and its precursor
[-carotene (22). Thus, induction of CYP2E1 by alcohol may result in
the conversion of these substances to hepatotoxic metabolites that can
further contribute to alcoholic liver injury.

Evidence from a number of studies indicates that Kupffer cells,
the resident hepatic macrophages, play a pivotal role in ethanol-induced
hepatotoxicity (20). Alcohol is known to increase gut permeability to
Gram-negative bacterial endotoxins. Thus, activation of Kupffer cells
by such endotoxins can result in the activation of NADPH oxidase, a
major oxidant-generating enzyme leading to the release of ROS and the
production of inflammatory cytokines and chemokines including IL-1,
I1-6, TNF-alpha and I1-8, which have deleterious effects on hepatocytes
(23). NADPH-oxidase-deficient mice treated with alcohol do not develop
liver pathology in contrast to the alcohol-fed normal mice (24). The
NADPH-oxidase-deficient mice did not show ethanol-induced increases
in free radical production, TNF-alpha transcripts and activation of NF-
kappa B, suggesting that NADPH-oxidase plays an important role in
alcoholic liver injury. In addition, ROS produced via alcohol metabolism
may itself stimulate the production and release of cytokines and
chemokines.

Increased circulating levels of TNF-alpha, I1-6, and I1-8 have been
shown in the sera of patients with alcoholic liver cirrhosis (20). Plasma
TNF-alpha levels in patients with alcoholic hepatitis correlate with
severity of disease and risk of mortality. TNF-alpha can induce
cytotoxicity by activating the TNF receptor p55 (INFR p35) or TNF
receptor 1 (TNF-R1), and by initiating signaling through the death
domain (25,26). Consistent with these mechanisms, TNF-R1 knock-out
mice have been shown to be resistant to alcoholic liver injury (27), and,
in another study, plasma levels of TNFR p55 have been shown to
negatively correlate with total blood glutathione in patients with acute
alcoholic hepatitis (28). The Kupffer cell- derived TNF-alpha can also
induce hepatocytes to produce I1-8 and macrophage inflammatory
protein-2 (MIP-2), the potent chemoattractants for neutrophils that
facilitate the interaction between inflammatory leukocytes and target
cells and exacerbate cytotoxicity (29,30).

Plasma levels of IL-6 are elevated in patients with alcoholic hepatitis
and correlate with severity of liver disease (20). A recent study suggests
that IL-6 in alcoholic liver disease is involved in mediating antiapoptotic
signals to overcome alcohol-induced hepatic apoptosis (31). The study
demonstrated that livers from chronically ethanol-fed I1-6 () mice
but not IL-6 (+/+) mice showed significant apoptosis. The expression
of antiapoptotic proteins Bcl-2 and Bel-x (L) was also markedly elevated
in the livers of ethanol-fed IL-6 (+/+) mice, suggesting that IL-6 prevents
alcohol-induced apoptosis by induction of Bcl-2 and Belx (L).
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In a number of studies TGF-beta expression was elevated in
patients with alcoholic liver disease (20). TGF-beta increases collagen
gene expression and collagen synthesis in hepatic cells. Patients with
active liver disease showed a 97% increase in type 1 collagen synthesis
in liver biopsy specimens (32), suggesting that TGF-beta may be the
key factor in the development of hepatic fibrosis in alcoholic liver
disease.

SUMMARY AND CONCLUSIONS

Excessive and prolonged use of alcoholic beverages is a human
behavior with serious social and medical consequences in a significant
population of drinkers. Although the risk is lower among persons
who drink less, there is an increased risk of progression to cirrhosis
in females than in males ingesting the same relative amount of
alcohol. The heptotoxic effects of alcohol result from its oxidation
through the ADH and MEOS pathways, which produce acetaldehyde
that is metabolized to acetate by ALDH. Past treatment efforts have
been focused on the management of the complications of cirrhosis
such as bleeding and ascites. However, a better understanding of
alcohol metabolism, alcohol-induced metabolic disorders, and their
sequelae should result in improved preventive and therapeutic
approaches. Some of these approaches will target nutritional
deficiencies, altered redox state, and inflammatory responses (22).
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