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Abstract

Alcohol use produces both desirable and undesirable
effects, ranging from short-term euphoria and reduc-
tion in cardiovascular risk, to violence, accidents,
dependence and liver disease. Outcomes are affected
by the amount of alcohol used (which is itself affected
by genetic variation) and also by the drinker’s genes.
Genetic effects have been most clearly demonstrated
for alcohol dependence, and several of the genes for
which variation leads to increased dependence risk
have been identified. These include genes for
enzymes involved in alcohol metabolism (alcohol
dehydrogenase and aldehyde dehydrogenase), and
genes for receptors affected by alcohol (particularly
g-aminobutyric acid receptors). Many other gene/
dependence associations have been reported but not
fully substantiated. Genetic effects on phenotypes
other than alcohol dependence are less well under-
stood, and need to be clarified before a full picture of
gene-alcohol interactions can be achieved.
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Introduction

Alcohol use produces a variety of social, behavioural,
metabolic and pathological consequences, and alco-
hol abuse in various forms is a leading contributor to
the global burden of disease (1). The immediate
results of alcohol use per se include intoxication, acci-
dents caused by impairment of driving ability, and
both public and domestic violence. Loss of control
over drinking, which is a key feature of the concept of
dependence, is associated with neglect of other
aspects of life and damage to employment prospects
and personal relationships. Alcohol also produces
short- and long-term metabolic changes and cellular
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damage in vulnerable organs, leading in a proportion
of susceptible individuals to overt disease and death.
Set against these negative consequences, there is evi-
dence that low-level alcohol consumption is associ-
ated with a reduction in cardiovascular risk compared
with abstinence from alcohol (2, 3), and there are rea-
sons to believe that the relationship is causal.

Both harmful and beneficial effects (Figure 1) are
the product of interactions between alcohol itself and
some characteristics of the consumer. As we shall
see, the characteristics that determine the interaction
with alcohol are in many cases heritable and they
reflect gene-sequence differences between people.
However, alcohol use is so widespread in economi-
cally developed countries (except among groups who
abstain for religious reasons) that one of the compo-
nents of the interaction is almost universally present
among adults. The interaction therefore appears as a
polygenic genetic effect, particularly because the
quantity of alcohol consumed – the dose, in phar-
macological terms – is itself subject to genetic influ-
ence. The fundamental gene=alcohol effect can
therefore be transformed into gene=gene effects,
where the genes that determine the dose of alcohol
interact with the genes that determine the response.
Furthermore, there are many responses, and proba-
bly separate genes affecting each type of response.

All this is consistent with the pharmacogenetic par-
adigm, in which a drug produces both desirable
responses and undesirable adverse effects. As might
be expected, these occur at different doses and, fre-
quently, in different people. A full picture will specify
the genes that affect dose (or in this case self-dosing),
those that affect the pharmacokinetics of the drug,
those that determine the degree of beneficial
response, and those that determine susceptibility to
adverse responses or side-effects. It is therefore nec-
essary to recognise multiple phenotypes, to deter-
mine which show heritable variation, to identify the
genes and polymorphisms responsible and to meas-
ure their effects. As an additional complication, the
inheritance of alcohol-related problems does not fol-
low a Mendelian dominant or recessive pattern, but
results from the additive or interactive effects of mul-
tiple genes. Identifying the mostly small contributions
of multiple genetic polymorphisms is a challenging
task, but considerable progress has been made with
the most prominent adverse effect, alcohol depend-
ence. Because less is known about genetic influences
on other aspects of alcohol and alcoholism, we con-
sider dependence in more detail and then give some
information relating to the other phenotypes. Be-
cause of space limitations, animal studies are not
considered.
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Figure 1 Schematic relationship between alcohol intake and the positive and negative effects of alcohol. The x-axis represents
increasing alcohol use, averaged over time; this is known to be affected by genetic variation between people. The y-axis
represents the various costs and benefits of alcohol use; in most cases the degree of cost or benefit associated with any level
of intake will vary between people, and in some cases this variation has been shown to have a genetic basis.

Alcohol dependence

This diagnostic classification is based on behavioural
and, to a lesser extent, physiological criteria (4). By
these widely accepted criteria, alcohol dependence is
a common condition, affecting almost 5% of US
adults within the previous 12 months (5). It is not
based on the amount of alcohol consumed, although
dependence produces at least intermittent extremely
high consumption, and high consumption increases
the risk of dependence (6, 7). Most of the medical con-
sequences of alcohol depend more directly on quan-
tity of alcohol used than on dependence itself, but the
harmful long-term consequences occur almost entire-
ly among dependent patients because they have the
highest exposure. This is why the majority of genetic
studies have focused on alcohol dependence.

Firstly, we need evidence of a genetic component
to susceptibility. Once it is established that genetic
variation in risk of dependence exists, we need to
identify the relevant genes and the sequence varia-
tions that produce the effect. There are two main
approaches to this, which are in many ways comple-
mentary. Firstly, we can search the genome using
linkage methods to find loci that affect alcohol
dependence. Linkage analysis may be applied to
selected loci, but its major strength has been the
‘‘hypothesis-free’’ application to the entire genome.
The weakness, particularly for polygenic conditions in
which any single locus probably makes only a minor
contribution to susceptibility, is a lack of power. Many
hundreds of sib-pairs are required for a study with

reasonable power to detect such effects. Alternatively
or additionally, we can test for association between a
polymorphism and risk by directly comparing the
prevalence of alcohol dependence between people of
different genotypes. This has usually been done by
selecting polymorphisms from ‘‘candidate genes’’ for
testing.

Finally, if the results of studies are to be applied for
prediction and counselling, we need to have esti-
mates of the risk associated with each genotype and
for each of the genes or polymorphisms that have
shown significant effects. This is a substantial task,
because precise estimates require a large amount of
data and the estimates should be checked for appli-
cability to men and women, old and young people,
and across ethnic or racial groupings.

Genetic predisposition to alcohol dependence

Familial transmission of liability to alcohol depend-
ence has been shown in many studies, initially mainly
based on clinical samples (8). Useful information
about a community-based sample comes from anal-
ysis of survey data on alcohol use and alcohol
dependence symptoms in the US (9). A positive fam-
ily history (reported alcoholism or problem drinking
among first- or second-degree relatives) was ass-
ociated with increased alcohol use and more depend-
ence symptoms among respondents. This study
design does not distinguish between genetic and
family-environment effects on the development of



482 Whitfield: Alcohol and gene interactions

Article in press - uncorrected proof

Table 1 Chromosomal loci reported to be associated with alcohol dependence or related endophenotypes by the COGA
group.

Phenotype Chromosomes Reference

Alcohol dependence 1, 2, 4, 7 (13)
Alcoholism severity 16 (17)
Maximum number of drinks 4 (18)
Alcoholism/depression 1, 2, 6, 16 (20)
Response to alcohol 1, 2, 9, 21 (21)
P3 evoked potential 4, 5 (22)
Platelet MAO 2, 9, 12 (19)
Factor score from data on alcohol 1, 15 (23)
use and alcohol-related symptoms
Alcoholism/smoking 2 (24)

Only the latest or largest study for each phenotype is cited when multiple papers with overlapping subject participation have
appeared.

dependence, but other types of study point to a genet-
ic effect.

A number of adoption studies have been conducted
in which information about alcoholism or alcohol-
related problems has been collected for the biological
parents of adoptees. Since the children were raised in
an environment free from the effects of their parents’
behaviour, any increased risk to the children of alco-
holics can be interpreted as evidence for genetic
transmission. Of five studies of this kind, four found
a significant increase in risk in adopted-away children
of alcoholics compared with that for children of unaf-
fected birth parents, and synthesis of the data from
all five studies suggests a doubling of risk associated
with having an affected parent, at least for men.

Twin studies, in which the concordance of mono-
zygotic and dizygotic twin pairs is compared, also
support the hypothesis of genetic transmission of lia-
bility to alcohol dependence. Results of adoption and
twin studies up to 1995 were reviewed by Heath and
colleagues (10, 11). Since then, results of a large study
on Australian twins have appeared (12) and it is of
interest to note that the risk associated with having a
dizygotic twin sibling with alcohol dependence was
approximately two-fold, similar to that associated
with an affected parent. The risk associated with hav-
ing an affected monozygotic co-twin affected was
higher, approximately four-fold, and it was estimated
that almost two-thirds of the variation in liability to
alcohol dependence is due to genetic variation. This
was true for both men and women.

Linkage studies of alcohol dependence

Linkage-based approaches to identification of genes
causing disease require the recruitment and study of
pairs of relatives or of extended families, rather than
individual subjects, and this requires substantial
investment. So far, information has been published
on three types of subjects. These are alcoholism-
dense families recruited from clinical sources by the
Consortium on Genetics of Alcoholism (COGA) (13);
families from Native American groups with a high
prevalence of alcohol dependence (14, 15); and par-
ticipants in the Framingham Heart Study (16). The full-
est information has come from the COGA group, who

made use of a number of quantitative traits associ-
ated with alcohol dependence, as well as the simple
division of participants into affected/non-affected
groups. These linkage studies are summarised in
Table 1. In principle, measurement of quantitative
variables known or suspected to be genetically asso-
ciated with alcohol dependence (endophenotypes)
improves the power to detect linkage and allows the
definition of loci that affect particular aspects of the
alcoholic phenotype. The endophenotypes used as
supplements to the diagnostic category of alcohol
dependence include dependence severity (17), the
maximum number of drinks in a single day (18), elec-
troencephalographic evoked potentials, alcohol tol-
erance (discussed below) and platelet monoamine
oxidase (19). However, identification of a chromoso-
mal region showing linkage to one of these endo-
phenotypes does not immediately provide a new
candidate gene for more detailed testing. Most of the
papers cited in Table 1 did not suggest candidates;
two that did could only point to multiple genes of
unknown relevance, and two others led to the known
candidate alcohol dehydrogenase (ADH) on chromo-
some 4.

Association studies of alcohol dependence

The alternative approach of allelic association studies
has much greater statistical power, but it has so far
required selection of candidate genes or regions.
These candidates may be chosen on the basis of rel-
evant physiological or pathological roles for gene
products, or because linkage analysis has shown that
more detailed investigation of some chromosomal
region is justified. Associations may be sought
between phenotypes and functional polymorphisms,
which alter the amino acid sequence of a protein or
are expected to affect gene expression; or with genet-
ic markers (usually single nucleotide polymorphisms,
SNPs); or with haplotypes comprising several SNPs
in linkage disequilibrium. In the near future, SNP
association studies covering the entire genome are
likely to become economic and will supplement cur-
rent linkage and association methods.

Despite a large number of association studies on
alcohol dependence, only a few genes have shown
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Figure 2 Odds ratios for alcohol dependence in people with
ADH1B*11 compared to ADH1B*12 genotype, by geographic
or ethnic group. The x-axis shows the cumulative number of
patients and controls included in published studies, while
the y-axis shows the estimated odds ratios. Error bars show
the 95% confidence intervals for each group. Data from ref-
erence (29).

repeatable positive results. The first was the mito-
chondrial form of aldehyde dehydrogenase (ALDH)
responsible for the conversion of ethanol-derived
acetaldehyde to acetate. Among the polymorphisms
associated with alcohol dependence, that of ALDH2
comes closest to the classical type of inborn error of
metabolism, with ALDH2*2 resulting in an inactive
enzyme and accumulation of the compound that it
usually metabolises, acetaldehyde (25). The increased
tissue and circulating acetaldehyde produces effects
such as skin flushing, headache and nausea, which
make alcohol consumption unpleasant and reduce the
probability of alcohol dependence. This enzyme defi-
ciency is confined to people of Chinese, Japanese or
Korean descent, and there is some evidence that its
impact has decreased as people in Japan, at least,
come under greater social pressure to drink alcohol
(26). Discovery of the genetic basis and the mecha-
nism of the alcohol flush reaction, coupled with its
effect on alcohol dependence risk, gave a considera-
ble boost to the view that biological factors are impor-
tant in substance use disorders.

Polymorphisms in ADH also affect alcohol depend-
ence risk. There are many ADHs, of which at least the
Class 1 enzymes encoded by ADH1A, ADH1B and
ADH1C convert ethanol to acetaldehyde at concentra-
tions found in vivo after alcohol consumption. Vari-
ants of ADH1B (ADH1B*1, ADH1B*2 and ADH1B*3),
which differ in their sequence and kinetic properties,
have been recognised for many years and there is
strong evidence, initially from Asian populations in
which the ADH1B*2 allele is common and now from
European populations also (27, 28), that people who
are homozygous for ADH1B*1 are more likely to be
alcohol-dependent than heterozygotes, or homozy-
gotes for the ADH1B*2 allele. The mechanism of this
effect is surprisingly uncertain; the usual explanation
is that the ADH1B*2 enzyme, which has a higher in
vitro Vmax than ADH1B*1, results in faster conversion
of ethanol to acetaldehyde and therefore higher
steady-state acetaldehyde concentrations after alco-
hol consumption. This would produce an aversion to
alcohol use in a similar manner to ALDH2 deficiency,
but probably to a lesser degree. However there is little
evidence that ADH1B*2 is associated with faster eth-
anol metabolism in vivo, and none that acetaldehyde
concentrations are increased. Nor has it been shown
that people with one or two ADH1B*2 alleles find
alcohol consumption unpleasant.

Meta-analysis of studies on ADH1B variation and
alcohol dependence risk, with the aim of determining
the relative risk for people of different genotypes, has
shown two unexpected features (29). As mentioned
above, initial studies were done on Asian populations.
Data have now accumulated on many European sub-
jects also, but the estimates of relative risk for the
ADH1B*11 and ADH1B*12 genotypes show signifi-
cant heterogeneity between populations. The data are
summarised in Figure 2, which shows the cumulative
estimates of odds ratios for European, Japanese and
Han Chinese populations. For reasons that are not yet
clear, ADH1B*2 has more effect on dependence risk
in Asians than in Europeans. The explanation may lie

in gene-environment interactions, if social habits in
European societies reduce the influence of this gen-
otype. Alternatively, there may be another polymor-
phism very close to ADH1B*2 in Asians, but not in
Europeans, which affects alcohol use and depend-
ence. Detailed analysis of SNPs and haplotypes in the
ADH region of chromosome 4 should throw light on
this question.

The second finding from this meta-analysis was
that the effects of ADH1B*2 alleles are not simply
additive, but neither do they follow a simple Mende-
lian pattern of recessive or dominant. Among the Chi-
nese and Japanese subjects who had a sufficiently
high ADH1B*2 allele frequency to allow inferences
about homozygotes, the relative risk for people with
the ADH1B*11 genotype was five-fold greater than for
those with the ADH1B*12 genotype, but the risk asso-
ciated with ADH1B*12 was only 1.5-fold that for
ADH1B*22.

There are of course other variants of ADH genes.
Evidence on the effects of ADH1B*3 (found originally
in people of African descent, but also present among
Native Americans) is sparse, but there are indications
that it may confer protection against alcohol depend-
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ence by metabolic mechanisms similar to those
proposed for ADH1B*2 (30–33). The ADH1C poly-
morphism, which is common in Europeans, does not
seem to exert any independent influence on depend-
ence risk. Nevertheless, linkage analysis has shown
in at least three studies (14, 15, 18) that the ADH
region of chromosome 4 affects dependence risk and
it is difficult to see how the comparatively uncommon
ADH1B*2 allele could account for this effect in Euro-
peans or Native Americans. Other ADH genes, partic-
ularly ADH4 and ADH7, may have variants that are
significant.

Moving away from genes affecting ethanol metab-
olism, many association studies have examined
genes relevant to neurotransmitters, their metabolism
and receptors. There have been reports on genes
related to serotonin, dopamine and endorphins, with
a mix of positive, negative or contradictory results.
Studies on g-amino butyric acid (GABA) receptors
have been more productive.

GABA receptors are good candidates for associa-
tion studies on alcohol-related phenotypes, both
because of biological plausibility and because linkage
studies have shown suggestive results near GABA
gene clusters. Recent studies have produced two pos-
itive results for GABRA2 on chromosome 4 (34, 35);
one positive and one negative result for GABRA6 on
chromosome 5 (36, 37); and one positive result for
GABRG3 on chromosome 15 (38). Each of these stud-
ies has been based on typing multiple SNPs over a
substantial region and testing for association between
an alcohol dependence-related phenotype and indi-
vidual SNP genotypes or haplotypes. This has iden-
tified the relevant gene within each GABA receptor
cluster, but the haplotypes each extend over a large
region and the causative polymorphisms have not
been characterised.

Other alcohol-related phenotypes

Alcohol consumption

The level and pattern of alcohol consumption is
important in itself, because of the physical and social
consequences of intoxication, and also because of the
interaction between high intake and a high risk of
dependence. High alcohol intake is associated with a
number of metabolic changes, discussed below, and
abstinence or very low intake is associated with high-
er rates of cardiovascular disease.

There is a positive relationship between usual alco-
hol intake, as reported in surveys or questionnaires,
and the probability of having experienced alcohol
dependence. This has been shown in population sam-
ples from the United States (6, 39), and more recently
in the Australian twin studies. The nature of this asso-
ciation was examined (7) and found to be almost
entirely due to genetic, rather than environmental,
influences common to both intake and dependence.
However, the two phenotypes of heavy drinking and
alcohol dependence did not show a complete overlap
of the genetic influences, and it was possible to con-
clude that some genes affect both intake and liability

to dependence, while others affect only the liability to
dependence. Linkage and association studies should
be able to identify which genes affect each of these
phenotypes.

As mentioned above, most linkage studies have
concentrated on alcohol dependence or on endophe-
notypes closely associated with dependence. Linkage
data on habitual alcohol consumption have been pub-
lished for participants in the Framingham Heart Study
(40). The phenotype analysed was heavy alcohol con-
sumption, but the unaffected group was abstainers.
People who drank, but did not meet the criteria for
heavy drinking, were excluded. However, a number
of suggestive linkage results were found; these were
in some cases close to linkage peaks reported by
others for dependence, and in other cases were close
to candidate genes. In particular, weakly positive
results were reported near the ALDH2 and ADH loci.
Further linkage analyses for quantitative measures of
usual alcohol intake are needed, and may be feasible
using studies in which the primary focus was on other
phenotypes.

Published studies on associations between gene
polymorphisms and habitual alcohol intake are main-
ly about alcohol-metabolising enzymes. Among Chi-
nese people, ALDH2 variation affected both alcohol
use and alcohol dependence, but although ADH1B
variation affected the risk of alcohol dependence, it
was not shown to affect drinking patterns in non-alco-
holic subjects (41). One study of Japanese people (42)
gave very similar results, but another (43) found that
ADH1B genotype did affect the level of intake. Results
from Australia (44) showed that ADH1B variation
affected alcohol intake as well as dependence, but
only in men.

At present, little is known about the genes that
affect alcohol use (rather than alcohol dependence),
but this is a topic worth further study because varia-
tion in alcohol use among people who are not alco-
hol-dependent can affect both the potentially
beneficial and potentially harmful metabolic effects of
drinking.

Co-morbidity

There is a large body of clinical and survey-based evi-
dence that alcohol dependence is associated with
increased probability of other substance dependence
(including nicotine dependence), depression, and
antisocial personality or conduct disorder. This is true
not only for the affected individual, but also for their
relatives (45), consistent with possible genetic vari-
ants that increase the risk of two or more of these
conditions. This type of evidence has led to several
linkage and association studies on putative subtypes
of alcoholism defined by comorbidity. Given the poly-
genic nature of alcoholism and of the comorbid con-
ditions, it is unlikely that there will be clear separation
between one subtype of alcoholism with associated
comorbidities and another without, but there are
prospects of identifying gene variants with multiple
effects.

Some of the COGA linkage studies listed in Table 1
have addressed this question in relation to alcoholism
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and depression, and alcoholism and smoking. Inter-
pretation of the results is complex, but the authors
suggested that a locus on chromosome 1 might pre-
dispose some people to alcoholism and others to
depression, and there was suggestive evidence that a
locus on chromosome 4 affects liability to comorbid
alcoholism with depression.

The COGA group have also reported a joint asso-
ciation analysis of the two phenotypes of alcohol
dependence and depression (46). SNPs and haplo-
types in the muscarinic acetylcholine receptor M2
(CHRM2) gene showed associations with each phe-
notype and also with the presence of both. However,
there were interesting differences, because one
haplotype was associated with protection against
both alcohol dependence and depression, another
was associated with increased risk of alcohol depend-
ence, and a third with increased risk of depression.
Although no causative polymorphisms have been
identified, it seems that different variants within the
one gene can lead to different, although associated,
conditions.

Intoxication

Resistance to intoxication is believed to be a risk fac-
tor for alcohol dependence. A low level of subjective
and objective responses to a test dose of alcohol has
been reported as more common in sons of alcoholics
than controls, and to be predictive of alcohol depend-
ence. The reasoning is that people who are resistant
to alcohol’s effects will tend to drink more, and have
a higher risk of becoming dependent. Consequently,
at least two linkage studies on this broad phenotype
have been performed (21, 47), although the assess-
ment was based on self-report in one case and meas-
urements taken after alcohol challenge in the other.
These yielded ten and nine loci, respectively, with
LOD scores greater than 2.0, despite a comparatively
small number of subjects in the second study.

Several association studies based on laboratory
studies of susceptibility to intoxication have
appeared. A small study based on the original San
Diego cohort implicated variation in the serotonin
transporter gene and the GABA a6 receptor (48), and
significant effects of the serotonin transporter gene
polymorphism have been confirmed in a recent
extension of this study (49). An effect of a variant in
the serotonin transporter gene on intoxication was
also found in monkeys (50). Another small study of
the m-opioid receptor gene (51) found an effect of a
polymorphism that alters receptor affinity for b-
endorphin on subjective measures of response to
alcohol. However, in this case the genotype associ-
ated with greater response to alcohol was also asso-
ciated with a positive family history for alcoholism,
which is contrary to the original hypothesis. Clearly,
there are still issues to be resolved in this area.

Metabolic effects

High alcohol intake produces multiple biochemical
consequences, including increases in liver function
tests (g-glutamyl transferase, alanine aminotrans-

ferase), lipids (triglyceride), urate, asialo- and disialo-
transferrin isoforms, measures of iron status (ferritin),
and blood lead. There is also indirect or experimental
animal evidence for increases in cellular metabolites
that are harder to measure in humans, such as acet-
aldehyde adducts and lipid oxidation products. Many
of these changes are associated either with alcohol-
related liver disease or with cardiovascular or diabe-
tes risk, but it is notable that these metabolic
consequences of alcohol use do not occur in all at-
risk subjects. Little is known at present about the fac-
tors that enhance or suppress them, but this is an area
for collaboration between clinical chemistry and
genetic epidemiology in the future.

Alcohol use also brings about increases in high-
density lipoprotein (HDL)-cholesterol and apolipopro-
teins A1 and A2, which may account for much of the
cardiovascular protective effect of drinking. Again, it
is possible that the response of HDL-cholesterol to
alcohol use varies between people and it has been
reported that this response depends on ADH geno-
type (52). The results suggested that ADH1C genotype
affects HDL-cholesterol responses to alcohol use and
cardiovascular mortality through an effect on alcohol
metabolism. However, another study that classified
drinkers by ADH1B type (53) reported no significant
difference in HDL-cholesterol by genotype, and the in
vitro properties of ADH1B enzymes suggest that any
effect should be greater than for ADH1C. A later study
(54) of the effects of both ADH1B and ADH1C variation
on HDL-cholesterol and apolipoproteins A1 and A2
found no evidence of differences in the response to
alcohol intake by genotype. Therefore, the interesting
initial report has not been replicated by further work,
although no other study has yet been able to assess
ADH=alcohol interaction effects on cardiovascular
morbidity or mortality.

Conclusions

The search for a gene or genes ‘‘for alcoholism’’ has
widened into a series of investigations of genetic
effects on aspects of alcohol-related disease. This
reflects the probable diversity of the phenotype and
its causes, adds power to statistical analysis, and
should ultimately give a more detailed picture of
interactions between the contributing factors. There
has been substantial progress in relation to alcohol
dependence, with several genes known to be impor-
tant, but there remains a need to establish their mech-
anisms of action and to define relative risk by
genotype across sex, age and ethnic groups.

Genetic effects on alcohol-induced organ damage
remain to be defined. There is difficulty in conducting
linkage studies on clinical endpoints such as cirrhosis
or hepatoma because of the need to collect affected
relatives. Study of alcohol-related disease may need
endophenotypes, a candidate gene approach, or a
genome-wide association design.

The implications of these genetic findings for pre-
vention and clinical practice are not yet clear. We are
close to being able to assess alcohol dependence risk
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from haplotypes made up of SNP markers, but this is
not likely to be clinically useful in patients who have
developed dependence. Nor is there any evidence, so
far, that prediction and prevention are effective in
people who are at high genetic risk. Evidence of the
value of prediction or early diagnosis, and the avail-
ability of effective treatment, are (as usual) necessary
before testing can move from a research activity to
the clinical laboratory.
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