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Seven alcohol-metabolizing enzymes are encoded by the human alcohol dehydrogenase (ADH) gene cluster
on chromosome 4q22–23. One of these genes, ADH7, is uniquely expressed in the stomach mucosa and can
influence metabolism of alcohol before its absorption into the blood. However, the contribution of ADH7 to
the overall genetic variation in alcohol oxidation in vivo is unknown. Data on in vivo alcohol metabolism were
obtained for 206 Australian twin pairs of Caucasian ancestry, following ingestion of a standard dose
(0.75 g kg21 body weight) of alcohol. Twenty-five single nucleotide polymorphisms that cover the ADH7
encoding region were genotyped. The patterns of linkage disequilibrium among these SNPs identified a
recombinational hotspot within intron 7 of the ADH7 gene. A model for the absorption and elimination of alco-
hol from the body led to the identification of haplotypes associated with inter-individual variation in the early
stages of alcohol metabolism. These are within a 35 kb DNA tract contained in the region 5’ of intron 7 in the
ADH7 gene. The region accounts for 18% of the linkage for alcohol concentration associated with the ADH
region, or �11% of the genetic variance.

INTRODUCTION

Variation in human alcohol (ethanol) metabolism is of interest
because of known associations between alcohol dependence
and polymorphisms in the alcohol-metabolizing enzymes
alcohol dehydrogenase (ADH) and aldehyde dehydrogenase
(ALDH). The disease associations of ADH gene variation
have been the subject of extensive and continuing research
(1–8), and the ADH allelic associations found are presumed
to be mediated by effects on alcohol metabolism.

Linkage analysis using blood and breath alcohol concen-
tration (BAC, BrAC) data from the Alcohol Challenge Twin
Study (ACTS) (9) and subsequent microsatellite genotyping
have shown strong evidence for a major quantitative trait
locus (QTL) influencing alcohol metabolism, linked to the
ADH gene region of chromosome 4. This QTL has been
estimated to account for 64% of the genetic variance in
alcohol metabolism (10). The coding polymorphisms
ADH1B Arg47His and ADH1C Val349Ile, which are known

to affect enzyme activity in vitro, accounted for only �1%
of the genetic variance in BAC in vivo. Therefore, this QTL
must be attributable to other polymorphism(s) within or near
the ADH gene cluster. Association studies with closely
spaced single-nucleotide polymorphism (SNP) markers offer
a way to locate and identify them.

The rate-limiting conversion of alcohol to acetaldehyde is
catalysed by ADHs in the human stomach and liver. Seven
ADH genes are in a cluster (50-ADH7-ADH1C-ADH1B-
ADH1A-ADH6-ADH4-ADH5-30) on chromosome 4q22–23
(11–13). ADH7 is only expressed in the oesophagus
and gastric mucosa (14–18), whereas ADH4, ADH6, ADH1A,
ADH1B and ADH1C are mainly expressed in the liver and
account for �80% of post-absorptive alcohol metabolism (19).

The ADH-related QTL affecting breath and blood alcohol
levels (10) appears to act early in the time course of alcohol
metabolism, soon after ingestion when ethanol concentrations
are highest. This suggests that variation in ADH enzymes with
a comparatively high Km (low affinity) for alcohol, present in

†The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
‡Peter Dickson died on 15th October 2005.

�To whom correspondence should be addressed at: Genetic Epidemiology Unit, Queensland Institute of Medical Research, PO Royal Brisbane
Hospital, Queensland 4029, Australia. Tel:þ61 733620278; Fax: þ61 733620101; Email nick.martin@qimr.edu.au

# The Author 2007. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

Human Molecular Genetics, 2008, Vol. 17, No. 2 179–189
doi:10.1093/hmg/ddm295
Advance Access published on October 6 2007



the stomach or liver, contributes to the QTL. Gastric ADH
activity is primarily due to ADH7. The Class I genes ADH1B
and ADH1C are also expressed in the gastric mucosa, and
ADH1C is present in stomach muscle. However, the in vitro
kinetic properties of ADH1B and ADH1C enzymes imply a
smaller contribution to gastric metabolism than from ADH7,
due to substrate inhibition of ADH class I enzymes by ethanol
(20,21). Several authors have noted that at high alcohol concen-
tration ADH7 has the highest activity of all stomach-expressed
ADHs for ethanol (15,16,20–22), and therefore represents a
good candidate for study. We have typed a total of 104 SNPs
across the ADH gene cluster; this paper reports results from
25 SNPs within and flanking the ADH7 gene. We have tested
for association between these ADH7 SNPs and variation in
alcohol metabolism, and estimated the contribution of ADH7
gene variation to the QTL previously described.

RESULTS

Linkage disequilibrium in the ADH7 region

Two remarkably polarized haplotype blocks span the ADH7
gene region, and separately include sequences flanking the 50

and 30 ends of the ADH7 transcription unit, as shown in
Figure 1. The short region between the haplotype blocks is
marked by rs1154454 which is not in linkage disequilibrium
(LD) with any other SNP. The 30 haplotype block contains
ten typed SNPs (rs1348276 to rs284784; see Table 1). SNPs
rs1154458 to rs1583971 form a 5’ block. This striking discon-
tinuity of LD within the ADH7 gene was also noted by Han
et al. (22) in a study of 38 distinct populations. The 50 and
30 blocks of LD are consistent with a recombination hotspot
within the transcribed ADH7 gene. Since SNP rs1154454
(Intron 7) is not in LD with either the 50 or 30 blocks, it is
likely that the hotspot is within Intron 7 where there would
be no disruption to the coding sequences. Nevertheless, we
cannot exclude Exon 7 and sequences in Intron 6 or the
region 50 of rs284784 in Intron 8 as boundaries of the
hotspot. The preliminary scan of LD across the ADH7 region
showed a tendency for D0 values between SNPs located 50 of
Exon 1 (Fig. 1) to be less than unity, and the most 30- located
of the 25 genotyped SNPs, rs283406 through rs2032350, were
part of another distinct haplotype block not involving ADH7.
Cluster analysis [MERLIN 1.0.1 (23)] for all SNPs in the
ADH7 region also identified the two main 50 and 30 blocks, orig-
inally defined with HAPLOVIEW.

The discontinuities of LD in the ADH7 region were confirmed
in data within the Hapmap project (http://www.hapmap.org/cgi-
perl/gbrowse/hapmap_B35/; NCBI B25 assembly, dbSNP125).
The region in intron 7 marked by rs1154454 coincided with a
hotspot (estimated recombination rate, 3.5 cM/Mb), whereas
the �11.6 kb region between ADH7 and ADH1C and respect-
ively bounded by rs2032350 and rs1348276, corresponded to
a further recombination hotspot (31.7 cM/Mb). In summary,
the ADH7 gene is characterized by two distinct regions of
high LD which are genetically uncorrelated with each other,
and the discontinuity of LD marking two haplotype blocks is
within intron 7. In addition, the Hapmap data show very little
LD between ADH7 and ADH1C. This is consistent with the
activity of recombination hotspots that have eroded the LD

between ADH7 and other members of the ADH gene family
during recent primate evolution.

The presence of three segregating units within the ADH7
gene—haplotypes for the 50 and 30 blocks and the intervening
region marked by SNP rs1154454—allowed us to minimize the
number of tests for association of haplotypes with alcohol metab-
olism. Haplotype frequencies within the 50 haplotype block were
estimated for the cluster of adjacent SNPs identified when r2

�

0.6. Within this block, the most frequent haplotype (haplotype
50a in Table 2) includes all of the common alleles and there are
six rarer haplotypes (haplotypes 50b to 50g). Three haplotypes
(50e, 50f and 50g) had frequencies of ,5% and their effects on
alcohol metabolism were too small to be estimated.

Nine haplotypes (30a through 30i in Table 2) were identified
for the nine SNPs in the 30 haplotype block using a threshold
value of r2=0.6 for adjacent SNPs. Within this block, we
observed a common haplotype including all common alleles
(haplotype 30a) and eight further haplotypes. Haplotypes 30b,
30d and 30f had frequencies of ,5% and their effects were
not estimated in the analysis of phenotypic associations.

The detection of phenotypic effects associated with the
ADH7 gene/region was made with reference to the most fre-
quent and clearly defined haplotypes within the 50 and 30

blocks, as well as individual SNPs.

Preliminary tests for effects of ADH7 variation
on alcohol metabolism

The constrained or time-averaged effect reached the 5% level
of statistical significance (Fig. 2) for BAC levels with SNPs
rs1154461, rs1154468 and rs894363 and for BrAC levels
with these three and also rs1154470. All four of these SNPs
are 50 proximal to the hotspot for recombination within
ADH7. The effects were generally largest at the first BAC or
BrAC reading and were statistically consistent over time for
BrAC level, but were heterogeneous for BAC levels and fell
with time for rs1154468 and rs1154470. The non-synonymous
coding SNP rs1573496, flanked by rs1154461 and rs1154468,
is at a lower frequency than the remaining SNPs in the 5’ hap-
lotype block (Table 1), and was not significantly associated
with alcohol levels. Similarly, SNP rs971074 formed part of
the 50 haplotype block, yet was not associated with alcohol
levels. Evidence of phenotypic association was only seen for
the four most frequent SNPs in the 50 block. Association in
the 30 haplotype block was confined to rs994772 which is
proximal to, but 30 of, the ADH7 transcription unit. Allelic
association was also present for rs283406, located 30 of the
ADH7 region in a further small haplotype block.

Goodness of fit to the pharmacokinetic model

The solutions for mean sex-adjusted BAC and BrAC values,
using Eq. (1) (see Materials and Methods section), were:

BACðtÞ ¼ 11:70ð1� e�2:51tÞ � 1:51t and

BrACðtÞ ¼ 9:80ð1� e�2:99tÞ � 1:30t

These blood and breath parameter estimates are in reasonable
agreement for both the absorption rate constant, k1 (22.51 and
22.99), and the elimination rate k2 (1.51 and 1.30). The
difference in A0 (11.7 against 9.8) is consistent with the BAC
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and BrAC means; the calibration of the breath analyser is
known to produce under-estimation of the blood alcohol con-
centrations. Comparison of the goodness of fit of this model
with an analysis in which only the means are estimated by
maximum likelihood resulted in x2

3 = 4.73; P = 0.19 for blood
and x2

7 = 45.46; P = 1.1�1027 for breath alcohol readings.
While the kinetic model did not yield a poorer goodness of fit
than the empirical analysis of means at each time point for
BAC readings, a much poorer fit to the observed readings
was found for BrAC readings. This discrepancy may in part
be due to the greater power to detect a departure from the
model-free estimates of means provided by the longer time
span of readings covered by the ten BrAC time points, and
remained when the model was extended to include the large
differences due to sex (Fig. 3). The deviation between
observed and expected means in BrAC readings is seen for
both sexes during the first three readings, and for males
during the linear stage of alcohol elimination. Nonetheless,
the magnitude of the discrepancy between observed and
expected readings is small (see Fig. 3) and the kinetic
model is a good approximation to the BAC and BrAC curves.

Parameter estimates for effects of sex and age on BAC and
BrAC curves following the kinetic model (Table 3) show
the effects of age are small and confined to A0. Although
the subjects were within a narrow age range (18–34 years,
mean 23 years), there was a small but significant positive
regression of age on A0 for both BAC and BrAC
(Table 3). An effect of sex upon BAC and BrAC was
detected for A0, while the rate of absorption also depends
upon sex for BrAC but not for BAC profiles. The kinetic
model was therefore parameterized in the model for the
means as:

BACðtÞ ¼ ðA0 þ A0A þ A0SÞð1� ek1tÞ þ k2t

BrACðtÞ ¼ ðA0 þ A0A þ A0SÞð1� eðk1þk1SÞtÞ þ k2t

where A0A and A0S are the effects of age and sex (male devi-
ation) and k1S is the male deviation for the rate of absorption.
These adjustments for age and sex were included in the esti-
mation of SNP and haplotype effects in the ADH7 region.

Figure 1. Pairwise patterns of linkage disequilibrium (D0) in the ADH region. SNP’s rs971074, rs1154454, rs284784 and rs2872486 flank the region character-
ized by an absence of LD and marked by rs1154454 within the ADH7 gene.
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Associations between haplotypes or SNPs and BAC
or BrAC levels

The effects of the rare haplotypes 50e, 50f and 50g in the 50 hap-
lotype block (Table 2) were not estimated. Haplotypes 50c and

50d differed from the consensus haplotype 50a by two and one
nucleotides respectively and were lower in frequency than
haplotype 50b (Table 2). Haplotypes 50c and 50d were not
associated with BAC or BrAC levels (Table 4). Haplotype
5’b was more strongly associated with BAC than with BrAC

Table 1. Typed SNPs within and flanking the ADH7 gene

SNP IDa Chromosome Position (bp)b Distance next SNP (bp) Ancestral allelec Poly morphism d MAF Functionality/placemente

rs1354368 100 799 065 34 864 G G/A 0.350 DKFZP434G072
rs1583971 100 764 201 15 918 T A/T 0.107 Upstream ADH7
rs2851024 100 748 283 14 258 T T/G 0.480 Upstream ADH7
rs894363 100 734 025 20 509 C C/T 0.403 Upstream ADH7
rs1154470 100 713 516 2080 G G/A 0.335 Intron 1
rs1154468 100 711 436 4589 A A/T 0.335 Intron 1
rs1573496 100 706 847 6766 C C/G 0.100 Exon 3 (Ala:Gly)
rs1154461 100 700 081 1041 — G/C 0.336 Intron 5
rs971074 100 699 040 1339 G G/A 0.110 Exon 6 (Arg:Arg)
rs1154458 100 697 701 2180 C C/G 0.413 Intron 6
rs1154454 100 695 521 2468 T T/C 0.182 Intron 7
rs284784 100 693 053 1897 G G/T 0.236 Intron 8
rs284786 100 691 156 45 T A/T 0.309 30-UTR
rs3805331 100 691 111 86 A A/G 0.073 30-UTR
rs894369 100 691 025 234 C C/G 0.229 30-UTR
rs3805329 100 690 791 56 T T/C 0.074 30-UTR
rs284787 100 690 735 289 C C/T 0.236 30-UTR
rs729147 100 690 446 3574 A G/A 0.228 Downstream ADH7
rs969804 100 686 872 2029 — T/A 0.392 Downstream ADH7
rs994772 100 684 843 2034 G G/A 0.118 Downstream ADH7
rs1348276 100 682 809 11 568 T T/G 0.394 Downstream ADH7
rs2032350 100 671 241 7886 C C/T 0.197 Downstream ADH7
rs1442484 100 663 355 5128 T T/C 0.200 Downstream ADH7
rs1826906 100 658 227 2577 C T/C 0.314 Downstream ADH7
rs283406 100 655 650 0 C C/T 0.052 Downstream ADH7

aFrom dbSNP, http://www.ncbi.nlm.nih.gov/SNP.
bNCBI Build 36.1.
cBased on chimpanzee (NCBI)—indicates unavailable.
dMajor allele!Minor allele.
eFrom dbSNP, http://www.ncbi.nlm.nih.gov/SNP.

Table 2. Haplotype frequencies for the ADH7 50- and 30-haplotype blocks

Haplotype rs971 074 rs1154 461 rs1573 496 rs1154 468 rs1154 470 rs894 363
Name Frequency 0.110 0.336 0.100 0.335 0.335 0.403

50a 0.478 1 1 1 1 1 1
50b 0.330 1 2 1 2 2 2
50c 0.112 2 1 2 1 1 1
50d 0.067 1 1 1 1 1 2
50e 0.010 2 1 1 1 1 1
50f 0.001 1 2 1 2 2 1
50g 0.001 1 2 1 1 1 1
50-Sub-blocka A A A B B B

rs1348 276 rs994 772 rs969 804 rs729 147 rs284 787 rs3805 329 rs894 369 rs3805 331 rs284 786
0.394 0.118 0.392 0.228 0.236 0.074 0.229 0.073 0.309

30a 0.377 1 1 1 1 1 1 1 1 1
30b 0.001 1 1 1 1 1 2 1 2 2
30c 0.117 1 1 1 2 1 1 2 1 1
30d 0.001 1 1 2 1 1 2 1 2 2
30e 0.116 1 2 1 2 1 1 2 1 1
30f 0.001 2 1 1 1 1 1 1 1 1
30g 0.086 2 1 2 1 1 1 1 1 1
30h 0.067 2 1 2 1 1 2 1 2 2
30i 0.233 2 1 2 1 2 1 1 1 2
30-Sub-blocka A A A B B B B C C

Haplotypes depicted in terms of major (1) and minor (2) alleles as shown in Table 1.
aHaplotype sub-blocks revealed with r2 .0.6.
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levels (Table 4, Fig. 4). The signs of the effect sizes of haplo-
type 50b upon A0 and k1 (level and rate of absorption, respect-
ively) were the same, in accordance with expectations of a
first-order kinetic process. The joint effect of the two par-

ameters A0 and k1 for 2 df, measuring the effects of the
early stages of absorption, and the rate of elimination k2

(1 df) were used to compare haplotype effects. No effects
for alcohol elimination were detected for k2 but A0 and k1,
were jointly significant for BAC level and, less strongly, for
BrAC (Table 4). Compared to haplotype 50a, haplotype 50b
is associated with the rare allele at the four most common
SNPs rs1154461, rs1154468, rs1154470 and rs894363. Haplo-
type 50c is complementary to haplotype 50b (Table 2) and was
not associated with alcohol levels; its effect size is not signifi-
cantly different from that of haplotype 50a. The effect on BAC
and BrAC levels is most likely associated with rs1154461,
rs1154468, rs1154470 or rs894363.

Extensive tests were performed for effects of individual
haplotypes and combinations of haplotypes within the 30

block on the various parameters of alcohol metabolism, but
no significant effects were found (data not shown).

Figure 2. Probabilities for tests of SNP association with BAC and BrAC levels across the ADH7 region. See Table 1 for SNP details.

Figure 3. Time course for mean BAC and BrAC levels by sex. The means for
the ‘Empirical model’ of mean BAC and BrAC levels are compared to the esti-
mates from the ‘Kinetic model’ [Eq. (1)].

Table 3. Maximum likelihood estimates (u) of the effects of sex and age upon
the parameters of the kinetic equation A0, k1 and k2

Covariates Parameter BAC BrAC
u x2

1 P u x2
1 P

Age A0 0.079 4.48 0.034 0.045 4.77 0.029
k1 0.009 0.12 0.735 0.035 1.77 0.184
k2 20.023 1.53 0.217 20.003 0.21 0.649

Sex A0 21.187 13.83 2.00e-04 21.281 47.61 5.21e-12
k1 0.345 2.35 0.125 0.996 17.61 2.71e-05
k2 0.143 0.89 0.347 0.094 3.19 0.074
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Contribution of haplotypes in the 50 block of ADH7
to linkage in the ADH gene region

The models for the effects of the 5’ block upon mean BrAC or
BAC levels were used to estimate the contribution of haplo-
types in the 50ADH7 region to linkage of in vivo metabolism
to the ADH region on chromosome 4. The effect of haplotype
50b (Table 2) was estimated as a deviation from the baseline
effects of all remaining haplotypes. Since the effects of haplo-
types 50c through 50g (Table 2) were homogenous with those
of the most common haplotype 50a, our statistical comparison
of haplotype effects is as previously described, a deviation of
the effect of haplotype 50b from the baseline haplotype 50a. In
the bivariate simplex model, the covariance due to the QTL
and the effect of haplotypes in the means part of the equation
are jointly estimated, in the model for the multivariate normal
distribution.

The contribution of the major haplotype 50b to the QTL for
alcohol concentration was estimated by dropping its effects
from the bivariate simplex model. The change in the
log-likelihood was x2

6 = 22.7 (P = 0.0009) for the kinetic par-
ameters, A0, k1 and k2, corresponding to the effects of haplo-
types upon breath alcohol (almost entirely due to A0) and
blood alcohol level (almost entirely due to k1). Direct calcu-
lation of the joint effect of allelic deviations (in the means
part of the multivariate likelihood equation) for both blood
and breath alcohol levels gave an estimate of 18% for the
effect of the 50 haplotypes, and the difference in means
between haplotypes 50a and 50b at the first blood alcohol
measurement time was 5.8 mg/100 ml.

DISCUSSION

There are a number of practical reasons to study inter-
individual variation in alcohol pharmacokinetics. The peak
concentration achieved after any specified dose and the rate
of metabolism will affect the duration and intensity of intoxi-
cation, and the rate of production and peak concentration of
alcohol metabolites such as acetaldehyde. There is some evi-
dence to suggest that variation in alcohol pharmacokinetics
affects alcohol dependence risk (24), and a large amount of
evidence implicating alcohol-metabolizing enzymes in
alcohol dependence risk and in the development of other
alcohol-related disease (25–28). Many of the published twin
studies have been under-powered to detect a significant
genetic component to variation in alcohol metabolism (29–
32), but Martin et al. (9) showed heritability of 0.62 for
peak blood alcohol and 0.49 for rate of elimination. So far,
there is little information on the exact genes and polymorph-
isms involved. Studies on the most obvious candidates, the
long-recognized polymorphisms in ADH1B (Arg47His and
Arg369Cys) and ADH1C (Ile 349Val/ Arg271Gln) have
revealed only minor in vivo effects (10,33,34), although in
vitro kinetic properties are substantially different (35).
Despite the negative results with known ADH variants, we
were able to show (10) that a substantial QTL for alcohol
metabolism exists at the ADH gene cluster on chromosome
4. This could of course be due to a single polymorphism or
to additive or interaction effects of several; the latter would
be harder to detect but should be approachable through haplo-
type association studies.

Table 4. Effects of haplotypes in the 50 Haplotype Block of ADH7 upon BAC and BrAC levels

BAC BrAC
Model versus 22LL df x2 df P 22LL df x2 df P

1 Haplotypes b, c and d 5489.64 2038 7206.80 3367
2 Drop haplotypes c and d 1 5500.33 2044 10.696 6 0.0982 7211.20 3373 4.400 6 0.6227
3 Drop haplotype b 2 5516.96 2047 16.628 3 0.0008 7220.38 3376 9.185 3 0.0269

Effects of Haplotype b
4 A0 2 5500.34 2045 0.010 1 0.9203 7215.63 3374 4.437 1 0.0352
5 k1 2 5509.65 2045 9.321 1 0.0023 7212.83 3374 1.633 1 0.2013
6 k2 2 5500.55 2045 0.213 1 0.6444 7212.73 3374 1.536 1 0.2152
7 Drop A0, k1 2 5513.69 2046 13.358 2 0.0013 7220.03 3375 8.833 2 0.0121
8 Drop k2 7 5515.96 2047 2.270 1 0.1319 7220.38 3376 0.352 1 0.5530

All effects are deviations from the baseline value of haplotype 50a.

Figure 4. Effect of haplotypes a and b from the 50 haplotype block on BAC
and BrAC levels.
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We have now shown that SNP haplotypes across approxi-
mately 35 kb of DNA in ADH7, spanning a region just 50 of
exon 1 and extending into intron 6 of the ADH7 coding region,
are related to blood and breath alcohol concentrations in vivo.
Results for blood and breath data differ in some details, but
Table 4 shows that although the 50 haplotype effect is associated
with k1 for blood alcohol and A0 for breath alcohol, the joint
effects are significant for both. This is evident in Figure 4,
which illustrates that early alcohol concentrations differ by 5’
haplotype for both blood and breath measurements. Although
blood and breath alcohol measurements are both subject to
measurement error, they point to a similar conclusion.

This result defines a new region of significance for the in
vivo metabolism of alcohol, although our best estimate is
that it accounts for only 18% of the previously reported
linkage to the ADH gene region, or 11% of the total genetic
variance. This is consistent with the expectation of multiple
additive or interaction effects at several loci within or close
to the ADH gene cluster.

Definition of the boundaries of the region responsible for
this effect is aided by the pattern of LD between adjacent
SNPs across the ADH7 gene. We identified two major haplo-
type blocks, which show a marked discontinuity of LD in a
region centered on SNP rs1154454, within intron 7, and
flanked by rs1154458 (50) and rs248784 (30). The most
likely explanation for this is that there is a recombination
hotspot within intron 7 of ADH7. This was also observed by
Han et al. (22) in a world-wide study of patterns of allele fre-
quency and LD. They used different markers, but included
rs971074 and rs1154458 (30) and rs284784 and rs284786
(50). The 50 haplotype block was observed by Luo et al.
(12), in D0 values for rs971074, rs1573496 and rs1154470 in
Americans of European descent. While only one SNP
(rs284786) in the 30 block was genotyped by Luo et al., it
was not in LD with any of the 50 located ADH7 SNPs. D0

values for SNPs in the ADH7 region chosen by Edenberg
et al. (8) also identified the 50 LD block, but their coverage
of the 30 block adjacent to rs1154454 was less complete.

Two major haplotypes in the 50 haplotype block were found
to be associated with in vivo metabolism. The nucleotide com-
position of these haplotypes was, in 50–30order, GGCAGC
(frequency 0.48) and GCCTAT (0.33), which are distin-
guished by four nucleotide substitutions. Of these, we can ten-
tatively exclude the effect of GGCAGC as compared to
GCCTAT since the effect of the rare haplotype AGGTAT
was no different from that of GGCAGC in the analysis of 50

block effects. Because this haplotype has a frequency of
only 0.11, we should regard this conclusion with some
caution. However, the second nucleotide in the two most fre-
quent haplotypes GGCAGC and GCCTAT differs. The rel-
evant SNP is rs1154461 within intron 5, which has a minor
allele frequency (MAF) of 0.3. This is immediately 50 of
rs1573496 which is responsible for the non-synonymous sub-
stitution ADH7Ala80Gly (with a MAF�0.1) which is exclu-
sively part of haplotype 50c. However, SNP rs1573496 is the
same (C) in both haplotypes 50a and 50b so cannot account
for the effect of the 50 haplotype block on in vivo metabolism.

Another SNP in this region, which we did not type, may
affect gene expression. A T/C substitution at +25 bp in the
50-untranslated region changes a TATA sequence to TACA

(36,37). This variant is within the 50 haplotype block and prob-
ably in strong LD with our typed SNPs. It may account for the
variation in alcohol metabolism, but the individual effects of
SNPs in strong LD are difficult to differentiate by allelic
association studies.

In contrast to the 50-haplotype block, the 30-haplotype block
shows very little evidence of association with in vivo metab-
olism. Although tests of haplotypes did reveal indications of
effects, they were not consistent for BAC and BrAC and we
conclude that any effects are smaller than those seen for the
50-haplotype block.

Turning to the issue of pre-absorptive alcohol metabolism,
the contribution of gastric ADH has been recognized in the lit-
erature, but with variable results that may be confounded by
study method (38,39). As noted above, gastric ADH is primar-
ily coded by the ADH7, ADH1B and ADH1C genes which are
expressed in the gastric mucosa, with ADH1C expressed in
stomach muscle. In vitro kinetic properties imply a smaller
contribution of ADH1B and ADH1C enzymes to gastric
metabolism than of ADH7, due to substrate inhibition of
ADH class I enzymes (20,21).

As well as in vitro study of gastric isoenzymes and gene
expression, there has been extensive study in vivo of ‘first
pass metabolism’ (FPM) of ethanol. This after absorption, or
occurring before absorption, and assessed from the difference
in blood alcohol concentrations between oral and intravenous
alcohol administration. Its contribution to total alcohol metab-
olism in Caucasians ranges from 1 to 10% (40). Ethnic differ-
ences between Caucasians and Asian peoples support a major
role of ADH7 in FPM in Caucasians; FPM is very low in Japa-
nese because of an absence of expressed ADH7 enzyme
(39,41). At very high alcohol concentrations, Japanese and
Caucasian subjects both show an additional contribution to
FPM from ADH5, which has a poor substrate affinity for
ethanol (39). The contribution of gastric alcohol metabolizing
enzymes (ADH7 and ADH5) to FPM in both Japanese and
Caucasian subjects has been estimated to reach 40% at high
alcohol concentration (39), although this estimate has been cri-
ticized as too large (19,40,42). Since FPM almost disappears
on gastrectomy (43), gastric rather than hepatic ADHs must
account for the bulk of FPM in Caucasians (44).

Our study shows that ADH7 variation has a significant
impact on in vivo alcohol metabolism, commencing at the
early times of blood alcohol measurement and carrying
forward to the later times (Fig. 4). Since the SNPs on ADH7
50 haplotype block are not associated through LD with those
in the 30 block, it is unlikely that we are measuring correlated
effects due to LD elsewhere in the ADH7 region. The result
also has implications for ethnic differences in the role of
alcohol oxidation to acetaldehyde. Since ADH7 apparently is
not expressed in a substantial proportion of people from
East Asian populations (20,21,41) the effects of genetic
variability in ADH7 upon initial acetaldehyde levels and
consequences for alcohol dependence may be more important
in Caucasians.

The magnitude of this effect has been estimated at 18% of the
QTL or 11% of the genetic variance. Comparing the effect size
for haplotype 50b with the standard deviation for the peak blood
alcohol concentration, we can express it as a z-score of 0.36. We
conclude that although the contribution of genetic variation at
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ADH7 blood and breath alcohol concentrations is sizeable, it
accounts for only part of the effects due to linkage in the
ADH region as a whole. A set of 104 SNPs across the entire
ADH gene cluster has been typed in these subjects, and results
are being assessed (manuscript in preparation).

Further investigation of the effects of genetic variation in other
ADHs on blood and breath alcohol concentrations in these
Alcohol Challenge subjects must be complemented by SNP
typing in our larger cohorts with data on alcohol use and depen-
dence, and by existing published reports on related topics. As
mentioned previously, there are few genetic linkage or associ-
ation studies on alcohol metabolism or pharmacokinetics.
There are, however, a substantial number which test for effects
of variation in or near ADH genes on related phenotypes, includ-
ing alcohol dependence or ADH gene expression. These may be
useful as a guide to genes, haplotypes or polymorphisms which
affect alcohol metabolism. Until recently, most studies examined
ADH1B Arg47His and ADH1C Val349Ile, but other suggestive
or significant reports for alcohol dependence include effects
within ADH1A, ADH1B, ADH5 and ADH7 (12); ADH1A,
ADH1B and ADH4 (8); ADH7 (45) and the broad region of
chromosome 4 spanning the ADH cluster (28). The report on
ADH7 suggested interaction between a polymorphism in this
gene and the ADH1B Arg47His polymorphism, producing differ-
ences in risk of alcohol dependence among Chinese subjects. It
will be more difficult to test for such interaction in European sub-
jects, because of the lower frequency of the ADH1B*47His allele,
but interactions across the ADH gene region need to be con-
sidered more generally when adequate data become available.

Expression of ADH genes has been shown to be affected by
sites within the ADH gene cluster (46–48), or elsewhere on
chromosome 4 (49). These diverse reports suggest that additive
or epistatic effects of sequence variation in the ADH gene cluster
combine to produce the effect found in our previous linkage
analysis, and evaluating these will require multiple studies on
ADH variation and its effects on transcription, enzyme activity,
alcohol use and dependence and alcohol-related disease.

MATERIALS AND METHODS

Alcohol challenge study: subjects and phenotypes

Alcohol metabolism data were available for 206 pairs of twins,
aged 18–34 years (mean 23), who took part in the ACTS in
1979–81 (9). Ten timed measurements of breath alcohol
concentration and six of blood alcohol concentration were
obtained, starting 40 min after ingestion of alcohol (0.75 g.kg21

body weight). Breath alcohol readings were converted to blood
alcohol by a conversion factor of 2100:1; this is conservative in
that it under-estimates blood alcohol concentrations. Full
details are given in Martin et al. (9).

Blood samples and SNP assays

Some 10–20 years after completion of the ACTS, twins were
recontacted to obtain blood samples for DNA extraction; at
this time, we also collected blood samples from parents and/
or non-twin siblings of the twins. The zygosity of ACTS
twin pairs was originally determined by self-report and a
limited range of serological and isoenzyme markers; extensive

genotyping since the initial study has shown that some
re-assignment is necessary. The revised zygosity status of par-
ticipants is 91 monozygotic (MZ) twin pairs (46 female and 45
male) and 115 dizygotic (DZ) twin pairs (41 female, 35 male
and 39 opposite sex).

A set of 25 polymorphic SNPs related to ADH7 (Table 1)
was typed in 817 individuals from 196 of the original 206
twin families. SNP typing was performed with the MassAR-
RAY genotyping platform (Sequenom Inc., San Diego, CA,
USA). DNA was available for 220 non-twin siblings and
215 parents, in addition to the twins, in 112 DZ and 84 MZ
families. At least one parent and non-twin sibling were
present in 106 families, 24 more families had at least one
non-twin sibling and 37 had one or both parents; 28 families
only contained twins. The extended families provided
additional information for the determination of haplotype
phase. The ancestry of ACTS participants, based upon
reported country of origin of their four grandparents, was esti-
mated at 87% ‘Northern European’ (including Australia and
New Zealand), and 13% ‘other’, nearly all Southern Euro-
pean/Mediterranean (50).

Genotype quality control

Family relationships were confirmed with PREST ver. 3.02
(51) and the SNPs conformed to the expectations of Mendelian
Inheritance [PEDSTATS ver. 0.4.6 (52)]. A genotyping error
rate of 0.12% was estimated from 65 MZ families for which
both twins were genotyped. Eleven dispersed genotyping
errors or spurious point double recombinants were identified
by coinheritance checks [MERLIN ver. 1.0.1 (53)]. They
were confined to six SNP loci that were sporadically distribu-
ted across the ADH7 region and not due to incorrect map
locations (map order was from NCBI Build 35.1 (http://
www.ncbi.nlm.nih.gov/projects/SNP/). The error rate was in
the range 0.05–0.49% for each of these six SNPs. The distri-
bution of errors by family (eight families) showed they were
sporadic in this respect and they were recoded as missing.
Minor allele frequencies for the 25 SNPs were obtained
from three databases; Caucasians/Northern Europeans in
HapMap [Public Release No. 19, The International HapMap
Consortium, 2003 (54)], the CEU population (CEPH Utah
Residents with Northern and Western European Ancestry),
NCBI Build 35.1 (http://www.ncbi.nlm.nih.gov/projects/SNP/)
and from ALFRED (http://alfred.med.yale.edu/alfred/index.
asp/). The mean difference in frequency of minor alleles as
genotyped in the present study and published MAFs was
small (0.012+0.062).

Linkage disequilibrium

Pairwise estimates of LD across the ADH7 region were
obtained from the SNP-typed data using HAPLOVIEW (ver.
3.2; http://www.broad.mit.edu.mpg/haploview/). The most
likely haplotypes were identified using MERLIN 1.0.1 (53)
which takes into account within-family segregation patterns
and the extent of LD within the region. The definition of the
haplotype block was resolved using MERLIN 1.0.1 by
varying the threshold value for the genetic correlation
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needed to define a haplotype block separately for the 50and 30

blocks using the ‘- -’ cluster option.

SNP associations with the alcohol phenotype

Two approaches were taken to obtain the maximum infor-
mation from the data on blood and breath alcohol concen-
trations. These involved firstly, an empirical approach based
on the multiple measures of blood and breath alcohol obtained
during the study and, secondly, estimation of kinetic par-
ameters of a physiological model of alcohol absorption, distri-
bution and metabolism.

Effect sizes for SNP alleles were estimated for each time
point in the means part of the model for the multivariate
normal equation using Mx (55) in a preliminary screen of
the ADH7 region. The expected sib pair covariance matrices
were modeled jointly with means and were parameterized as
additive and specific environmental covariances by Cholesky
decomposition, taking into account the zygosity of twin
pairs. Initial analysis included the effects of sex, age and the
interaction of SNP effects with sex in the model for mean
breath or blood alcohol levels. The interaction effects proved
to be trivial and the final model only retained the effects of
sex and age. Initial analysis of the association of SNP geno-
types and alcohol levels showed no evidence for dominance
effects.

An allelic association model was used in the preliminary
analysis to test for the effect of the minor (less common)
allele at each SNP as a deviation from the overall mean
(effect of the common SNP allele). A profile of allelic
effects against the location of each SNP in the ADH7 region
was used to identify possible sites/regions of interest. The
overall variance in blood or breath alcohol levels associated
with SNPs was partitioned into the average effect or consist-
ency of allele effects for all time-points, and the heterogeneity
(time-change) of allelic effects over time.

Pharmacokinetic model

Three main characteristics of the blood or breath alcohol/time
curves describe the salient features of alcohol absorption and
metabolism. There is an early absorptive phase when alcohol
concentrations rise, a peak alcohol concentration reached
when rates of absorption and elimination balance, and an elim-
ination phase when alcohol levels fall. We have used a general
approach based upon the physiological and biochemical pro-
cesses of absorption and elimination that underlie BAC and
BrAC curves. The model was described by Martin et al.
(56) and used previously with the present data (9). It predicts
concentration of alcohol, C(t), at time t following ingestion,
using Eq. (1).

CðtÞ ¼ A0ð1� e�k1tÞ þ k2t ð1Þ

A0 represents the concentration of alcohol that would be
achieved if all ingested alcohol were absorbed and evenly dis-
tributed throughout the whole body or tissue volume, k1 the
rate of absorption, and k2 the rate of elimination. The rate of
elimination is a linear term that reflects substrate saturation
or independence between the rate of reaction and ethanol con-
centration. This has been shown to be valid with a dose of

0.67 g kg21 (close to the 0.75 g kg21 used in our study) and
persists until alcohol levels fall to 20 mg/100 ml (57). The
early stages of alcohol absorption are concentration dependent
and estimated by A0 and k1. Maximum likelihood estimates of
the three parameters A0, k1 and k2 were obtained in Mx (55) by
specifying Eq. (1) for the concentration of alcohol at time t
after ingestion, in the time-related means vector of the multi-
variate normal equation.

Haplotype association

ADH7 activity variants can be expected to affect both A0 and
k1 by way of enzyme activity in the gastric mucosa during
absorption. Both A0 and k1 will be biologically correlated, as
too are the conventional measures of alcohol pharmacoki-
netics: time to peak alcohol concentration and peak alcohol
concentration following drinking. In the absence of genetic
association (LD) or epistasis between gastric ADH7 variants
and other sites affecting alcohol metabolism, any effects
detected by the parameters A0 and k1 will not affect the rate
of elimination (k2) at high ethanol concentration.

The effects of haplotypes were estimated as deviations for
A0, k1 and k2 from the overall mean (defined by the most fre-
quent haplotype pattern in the 50 and 30 blocks) (Table 2). Pre-
liminary analysis did not show evidence for haplotype by sex
interaction. Haplotype analysis for association was carried out
separately for the 50-haplotype block and 30-haplotype block,
defined above. We also tested for effects at SNP loci that
were not in strong LD with the 50- and 30-haplotype blocks,
where the overall reduction in log-likelihood indicated the
possibility of an effect in at least one of the three estimated
parameters.

Linkage and association

A joint test of linkage and association (10) allowed the esti-
mation of the contribution of haplotypes in the ADH7 region
to the covariation in the timed series of ten BrAC and six
BAC readings. In this method, the effects of the covariance
between breath and blood alcohol levels are jointly estimated
with the effects of the measured genotypes or haplotypes in the
means part of the multivariate normal equation, by maximum
likelihood in the structural equation modeling package, Mx.
The chosen model followed a bivariate simplex design (10)
and showed that the joint genetic covariance of BrAC and
BAC levels was largely initiated before the time of the first
measurements in the time series (about 40 min after com-
pletion of drinking). Similarly, the effect of linkage was
only identified with this time point, and only seen for the
joint covariance in BrAC and BAC levels, not the covariance
specific to either BrAC or BAC levels. The contribution of the
50 haplotypes to the covariance between blood and breath
readings, due to the QTL associated with the ADH gene
family, was estimated following the method described by
Fulker et al. (58). The effects of the 50 haplotypes were esti-
mated in the means model of the bivariate simplex model
jointly with the covariance between BAC and BrAC levels
due to the linked QTL. The model for the 50 haplotypes is
described in the Results section. The effect of the 50 haplo-
types upon linked covariance was estimated from the increase
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in the QTL covariance at the first time point in the time series
that resulted from dropping the effects of the haplotypes from
the joint model for linkage and association.

FUNDING

This work was supported by grants from the National Health
and Medical Research Council of Australia, NIAAA
(AA007535, AA007728, AA011998, AA013321, AA013326,
AA014041) and the Australian Brewers Foundation.

Conflict of Interest statement. None declared.

REFERENCES

1. Thomasson, H.R., Crabb, D.W., Edenberg, H.J., Li, T.K., Hwu, H.G.,
Chen, C.C., Yeh, E.K. and Yin, S.J. (1994) Low frequency of the
ADH2*2 allele among Atayal natives of Taiwan with alcohol use
disorders. Alcohol Clin. Exp. Res., 18, 640–643.

2. Chen, W.J., Loh, E.W., Hsu, Y.P., Chen, C.C., Yu, J.M. and Cheng, A.T.
(1996) Alcohol-metabolising genes and alcoholism among Taiwanese
Han men: independent effect of ADH2, ADH3 and ALDH2.
Br. J. Psychiatry, 168, 762–767.

3. Tanaka, F., Shiratori, Y., Yokosuka, O., Imazeki, F., Tsukada, Y. and
Omata, M. (1996) High incidence of ADH2*1/ALDH2*1 genes among
Japanese alcohol dependents and patients with alcoholic liver disease.
Hepatology, 23, 234–239.

4. Shen, Y.C., Fan, J.H., Edenberg, H.J., Li, T.K., Cui, Y.H., Wang, Y.F.,
Tian, C.H., Zhou, C.F., Zhou, R.L., Wang, J. et al. (1997) Polymorphism
of ADH and ALDH genes among four ethnic groups in China and effects
upon the risk for alcoholism. Alcohol Clin. Exp. Res., 21, 1272–1277.

5. Whitfield, J.B., Nightingale, B.N., Bucholz, K.K., Madden, P.A., Heath,
A.C. and Martin, N.G. (1998) ADH genotypes and alcohol use and
dependence in Europeans. Alcohol Clin. Exp. Res., 22, 1463–1469.

6. Osier, M., Pakstis, A.J., Kidd, J.R., Lee, J.F., Yin, S.J., Ko, H.C.,
Edenberg, H.J., Lu, R.B. and Kidd, K.K. (1999) Linkage disequilibrium at
the ADH2 and ADH3 loci and risk of alcoholism. Am. J. Hum. Genet., 64,
1147–1157.

7. Whitfield, J.B. (2002) Alcohol dehydrogenase and alcohol dependence:
variation in genotype-associated risk between populations. Am. J. Hum.
Genet., 71, 1247–1250.

8. Edenberg, H.J., Xuei, X., Chen, H.J., Tian, H., Wetherill, L.F., Dick,
D.M., Almasy, L., Bierut, L., Bucholz, K.K., Goate, A. et al. (2006)
Association of Alcohol Dehydrogenase Genes with Alcohol Dependence:
a comprehensive analysis. Hum. Mol. Genet., 15, 1539–1549.

9. Martin, N.G., Perl, J., Oakeshott, J.G., Gibson, J.B., Starmer, G.A. and
Wilks, A.V. (1985) A twin study of ethanol metabolism. Behav. Genet.,
15, 93–109.

10. Birley, A.J., Whitfield, J.B., Neale, M.C., Duffy, D.L., Heath, A.C.,
Boomsma, D.I. and Martin, N.G. (2005) Genetic time-series analysis
identifies a major QTL for in vivo alcohol metabolism not predicted by in
vitro studies of structural protein polymorphism at the ADH1B or ADH1C
loci. Behav. Genet., 35, 509–524.

11. Osier, M.V., Pakstis, A.J., Soodyall, H., Comas, D., Goldman, D., Odunsi,
A., Okonofua, F., Parnas, J., Schulz, L.O., Bertranpetit, J. et al. (2002) A
global perspective on genetic variation at the ADH genes reveals unusual
patterns of linkage disequilibrium and diversity. Am. J. Hum. Genet., 71,
84–99.

12. Luo, X., Kranzler, H.R., Zuo, L., Wang, S., Schork, N.J. and Gelernter, J.
(2006) Diplotype trend regression analysis of the ADH gene cluster and
the ALDH2 gene: multiple significant associations with alcohol
dependence. Am. J. Hum. Genet., 78, 973–987.

13. Gonzalez-Duarte, R. and Albalat, R. (2005) Merging protein, gene and
genomic data: the evolution of the MDR-ADH family. Heredity, 95,
184–197.

14. Engeland, K. and Maret, W. (1993) Extrahepatic, differential expression
of four classes of human alcohol dehydrogenase. Biochem. Biophys. Res.
Commun., 193, 47–53.

15. Moreno, A. and Pares, X. (1991) Purification and characterization of a
new alcohol dehydrogenase from human stomach. J. Biol. Chem., 266,
1128–1133.

16. Pares, X., Cederlund, E., Moreno, A., Saubi, N., Hoog, J.O. and Jornvall,
H. (1992) Class IV alcohol dehydrogenase (the gastric enzyme). Structural
analysis of human sigma sigma-ADH reveals class IV to be variable and
confirms the presence of a fifth mammalian alcohol dehydrogenase class.
FEBS Lett., 303, 69–72.

17. Yin, S.J., Wang, M.F., Liao, C.S., Chen, C.M. and Wu, C.W. (1990)
Identification of a human stomach alcohol dehydrogenase with distinctive
kinetic properties. Biochem. Int., 22, 829–835.

18. Yin, S.J., Chou, F.J., Chao, S.F., Tsai, S.F., Liao, C.S., Wang, S.L., Wu,
C.W. and Lee, S.C. (1993) Alcohol and aldehyde dehydrogenases in
human esophagus: comparison with the stomach enzyme activities.
Alcohol Clin. Exp. Res., 17, 376–381.

19. Norberg, A., Jones, A.W., Hahn, R.G. and Gabrielsson, J.L. (2003) Role
of variability in explaining ethanol pharmacokinetics: research and
forensic applications. Clin. Pharmacokinet., 42, 1–31.

20. Yin, S.J., Liao, C.S., Wu, C.W., Li, T.T., Chen, L.L., Lai, C.L. and Tsao,
T.Y. (1997) Human stomach alcohol and aldehyde dehydrogenases:
comparison of expression pattern and activities in alimentary tract.
Gastroenterology, 112, 766–775.

21. Yin, S.J., Han, C.L., Liao, C.S. and Wu, C.W. (1997) Expression,
activities, and kinetic mechanism of human stomach alcohol
dehydrogenase. Inference for first-pass metabolism of ethanol in
mammals. Adv. Exp. Med. Biol., 414, 347–355.

22. Han, Y., Oota, H., Osier, M.V., Pakstis, A.J., Speed, W.C., Odunsi, A.,
Okonofua, F., Kajuna, S.L., Karoma, N.J., Kungulilo, S. et al. (2005)
Considerable haplotype diversity within the 23kb encompassing the
ADH7 gene. Alcohol Clin. Exp. Res., 29, 2091–2100.

23. Abecasis, G.R. and Wigginton, J.E. (2005) Handling marker-marker
linkage disequilibrium: pedigree analysis with clustered markers.
Am. J. Hum. Genet., 77, 754–767.

24. Whitfield, J.B., Zhu, G., Duffy, D.L., Birley, A.J., Madden, P.A., Heath,
A.C. and Martin, N.G. (2001) Variation in alcohol pharmacokinetics
as a risk factor for alcohol dependence. Alcohol Clin. Exp. Res., 25,
1257–1263.

25. Whitfield, J.B. (1997) Meta-analysis of the effects of alcohol
dehydrogenase genotype on alcohol dependence and alcoholic liver
disease. Alcohol Alcohol., 32, 613–619.

26. Higuchi, S., Matsushita, S., Masaki, T., Yokoyama, A., Kimura, M.,
Suzuki, G. and Mochizuki, H. (2004) Influence of genetic variations of
ethanol-metabolizing enzymes on phenotypes of alcohol-related disorders.
Ann. N. Y. Acad. Sci., 1025, 472–480.

27. Dick, D.M. and Bierut, L.J. (2006) The genetics of alcohol dependence.
Curr. Psychiatry Rep., 8, 151–157.

28. Prescott, C.A., Sullivan, P.F., Kuo, P.H., Webb, B.T., Vittum, J.,
Patterson, D.G., Thiselton, D.L., Myers, J.M., Devitt, M., Halberstadt, L.J.
et al. (2006) Genomewide linkage study in the Irish affected sib pair study
of alcohol dependence: evidence for a susceptibility region for symptoms
of alcohol dependence on chromosome 4. Mol. Psychiatry, 11, 603–611.

29. Luth, K.F. (1939) Untersuchungen uber die Alkoholblutconzentration
nach Alkoholgaben bei 10 eineiigen und 10 zweieigen Zwfllingspaaren.
Deutsche Zeitschrift für die gesamte gerichtliche Medizin, 32, 145–164.

30. Kopun, M. and Propping, P. (1977) The kinetics of ethanol absorption and
elimination in twins and supplementary repetitive experiments in
singleton subjects. Eur. J. Clin. Pharmacol., 11, 337–344.

31. Viken, R.J., Rose, R.J., Morzorati, S.L., Christian, J.C. and Li, T.K.
(2003) Subjective intoxication in response to alcohol challenge:
heritability and covariation with personality, breath alcohol level, and
drinking history. Alcohol Clin. Exp. Res., 27, 795–803.

32. Vesell, E.S. (1972) Ethanol metabolism: regulation by genetic factors in
normal volunteers under a controlled environment and the effect of
chronic ethanol administration. Ann. N. Y. Acad. Sci., 197, 79–88.

33. Mizoi, Y., Yamamoto, K., Ueno, Y., Fukunaga, T. and Harada, S. (1994)
Involvement of genetic polymorphism of alcohol and aldehyde
dehydrogenases in individual variation of alcohol metabolism. Alcohol

Alcohol., 29, 707–710.

34. Neumark, Y.D., Friedlander, Y., Durst, R., Leitersdorf, E., Jaffe, D.,
Ramchandani, V.A., O’Connor, S., Carr, L.G. and Li, T.K. (2004) Alcohol
dehydrogenase polymorphisms influence alcohol-elimination rates in a
male Jewish population. Alcohol Clin. Exp. Res., 28, 10–14.

188 Human Molecular Genetics, 2008, Vol. 17, No. 2



35. Bosron, W.F. and Li, T.K. (1986) Genetic polymorphism of human liver
alcohol and aldehyde dehydrogenases, and their relationship to alcohol
metabolism and alcoholism. Hepatology, 6, 502–510.

36. Buervenich, S., Sydow, O., Carmine, A., Zhang, Z., Anvret, M. and Olson,
L. (2000) Alcohol dehydrogenase alleles in Parkinson’s disease. Mov.
Disord., 15, 813–818.

37. Abbas, A., Lechevrel, M. and Sichel, F. (2006) Identification of new
single nucleotid polymorphisms (SNP) in alcohol dehydrogenase class IV
ADH7 gene within a French population. Arch. Toxicol., 80, 201–205.

38. Baraona, E., Gentry, R.T. and Lieber, C.S. (1994) Bioavailability of
alcohol: role of gastric metabolism and its interaction with other drugs.
Dig. Dis., 12, 351–367.

39. Dohmen, K., Baraona, E., Ishibashi, H., Pozzato, G., Moretti, M.,
Matsunaga, C., Fujimoto, K. and Lieber, C.S. (1996) Ethnic differences in
gastric sigma-alcohol dehydrogenase activity and ethanol first-pass
metabolism. Alcohol Clin. Exp. Res., 20, 1569–1576.

40. Crabb, D.W. (1997) First pass metabolism of ethanol: gastric or hepatic,
mountain or molehill? Hepatology, 25, 1292–1294.

41. Baraona, E., Yokoyama, A., Ishii, H., Hernandez-Munoz, R., Takagi, T.,
Tsuchiya, M. and Lieber, C.S. (1991) Lack of alcohol dehydrogenase
isoenzyme activities in the stomach of Japanese subjects. Life Sci., 49,
1929–1934.

42. Seitz, H.K. and Oneta, C.M. (1998) Gastrointestinal alcohol
dehydrogenase. Nutr. Rev., 56, 52–60.

43. Caballeria, J., Frezza, M., Hernandez-Munoz, R., DiPadova, C., Korsten,
M.A., Baraona, E. and Lieber, C.S. (1989) Gastric origin of the first-pass
metabolism of ethanol in humans: effect of gastrectomy.
Gastroenterology, 97, 1205–1209.

44. Haber, P.S. (2000) Metabolism of alcohol by the human stomach. Alcohol
Clin. Exp. Res., 24, 407–408.

45. Osier, M.V., Lu, R.B., Pakstis, A.J., Kidd, J.R., Huang, S.Y. and Kidd,
K.K. (2004) Possible epistatic role of ADH7 in the protection against
alcoholism. Am. J. Med. Genet. B Neuropsychiatr. Genet., 126, 19–22.

46. Chen, H.J., Tian, H. and Edenberg, H.J. (2005) Natural haplotypes in the
regulatory sequences affect human alcohol dehydrogenase 1C (ADH1C)
gene expression. Hum. Mutat., 25, 150–155.

47. Dannenberg, L.O., Chen, H.J. and Edenberg, H.J. (2005) GATA-2 and
HNF-3beta regulate the human alcohol dehydrogenase 1A (ADH1A)
gene. DNA Cell Biol., 24, 543–552.

48. Su, J.S., Tsai, T.F., Chang, H.M., Chao, K.M., Su, T.S. and Tsai, S.F.
(2006) Distant HNF1 site as a master control for the human class I alcohol
dehydrogenase gene expression. J. Biol. Chem., 281, 19809–19821.

49. Vawter, M.P., Atz, M.E., Rollins, B.L., Cooper-Casey, K.M., Shao, L. and
Byerley, W.F. (2006) Genome scans and gene expression microarrays
converge to identify gene regulatory loci relevant in schizophrenia. Hum.

Genet., 119, 558–570.

50. Whitfield, J.B., Nightingale, B.N., Bucholz, K.K., Madden, P.A., Heath,
A.C. and Martin, N.G. (1998) ADH genotypes and alcohol use and
dependence in Europeans. Alcohol Clin. Exp. Res., 22, 1463–1469.

51. Sun, L., Wilder, K. and McPeek, M.S. (2002) Enhanced pedigree error
detection. Hum. Hered., 54, 99–110.

52. Wigginton, J.E. and Abecasis, G.R. (2005) PEDSTATS: descriptive statistics,

graphics and quality assessment for gene mapping data. Bioinformatics, 21,
3445–3447.

53. Abecasis, G.R., Cherny, S.S., Cookson, W.O. and Cardon, L.R. (2002)
Merlin-rapid analysis of dense genetic maps using sparse gene flow trees.

Nat. Genet., 30, 97–101.

54. The International HapMap Consortium. (2003) The International HapMap
Project. Nature, 426, 789–796.

55. Neale, M.C. (1999) Mx: Statistical Modeling. Department of Psychiatry,
MCV, Richmond, VA.

56. Martin, E., Moll, W., Schmid, P. and Dettli, L. (1984) The
pharmacokinetics of alcohol in human breath, venous and arterial blood
after oral ingestion. Eur. J. Clin. Pharmacol., 26, 619–626.

57. Mumenthaler, M.S., Taylor, J.L. and Yesavage, J.A. (2000) Ethanol

pharmacokinetics in white women: nonlinear model fitting versus
zero-order elimination analyses. Alcohol Clin. Exp. Res., 24, 1353–1362.

58. Fulker, D.W., Cherny, S.S., Sham, P.C. and Hewitt, J.K. (1999) Combined

linkage and association sib-pair analysis for quantitative traits.
Am. J. Hum. Genet., 64, 259–267.

Human Molecular Genetics, 2008, Vol. 17, No. 2 189


