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Alcohol dehydrogenase (ADH; EC 1.1.1.1) and alde-
yde dehydrogenase (ALDH; EC 1.2.1.3.) are important
nzymes involved in the biotransformation of both al-
ohols and aldehydes. Today, six classes of ADH and
welve classes of ALDH have been defined in mam-
als. Here we report the detection and localisation of

hree classes of ADH and two classes of ALDH in hu-
an skin, using Western blot analysis and immunohis-

ochemistry with class-specific antisera. Western blot
nalysis of human skin cytosol revealed that class I-III
DH and class 1 and class 3 ALDH enzymes are ex-
ressed, constitutively, in three different anatomical
egions of human skin (foreskin, breast, abdomen).
ensitometric analysis of the immunoreactive bands

evealed differential constitutive expression of these
nzymes in foreskin, breast, and abdomen skin. Immu-
ohistochemistry showed the presence of class I ADH
nd class III ADH enzymes, predominantly in the epi-
ermis with some localised expression in the dermal
ppendages of human skin. In comparison, staining
or class II ADH was more faint in the epidermis with
ery little dermal expression. Class 1 ALDH and class
ALDH were predominantly localised to the epider-
is with minimal, highly localised dermal appenda-

eal expression. These cutaneous ADH and ALDH en-
ymes may play significant roles in the metabolism of
ndogenous or xenobiotic alcohols and aldehydes.
1999 Academic Press

Alcohol dehydrogenase (ADH; EC 1.1.1.1) and alde-
yde dehydrogenase (ALDH; EC 1.2.1.3) are key poly-
orphic enzymes involved in the biotransformation of
wide variety of endogenous and exogenous alcohols

nd aldehydes in the body. Endogenous substrates for
DH enzymes include retinol, 3b-hydroxysteroids,
-hydroxy fatty acids and the lipid peroxidation prod-

1 Corresponding author. Fax: 0171-5943002. E-mail: s.hotchkiss@
c.ac.uk.
100006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ct 4-hydroxynonenal. ALDH enzymes have been im-
licated in the metabolism of endogenous lipid per-
xidation products such as malondialdehyde and
ydroxyalkenals [1–5]. Skin contact with xenobiotic
lcohols (e.g. ethanol, cinnamyl alcohol) and aldehydes
e.g. formaldehyde, acetaldehyde, furfural, cinnamal-
ehyde), as a result of domestic, environmental and
ccupational exposure, may cause local toxicity (i.e.
kin sensitization or irritancy) in susceptible humans
6–11]. These xenobiotics may also be absorbed across
he skin resulting in systemic exposure [12, 13]. In
articular, aldehydes such as acrolein, 2,3-epoxy-
ropanal and formaldehyde, are highly reactive chem-
cals that can cause cytotoxicity, mutagenicity and
arcinogenicity, by binding to host macromolecules
5, 14, 15].

Six classes of mammalian ADHs, have been defined
y sequence homology and substrate specificity, all of
hich are either homo- or hetero-dimers comprised of

wo 40 kDa subunits [16]. Class I ADH is abundant in
he liver and primarily metabolises primary alcohols
nd is the main ethanol-metabolising isoenzyme [17].
lass II ADH metabolises primary aliphatic alcohols
nd aromatic aldehydes [18, 19] and has been identi-
ed mainly in the liver, with low mRNA levels in
tomach, pancreas and small intestine [20]. Class III
DH is a formaldehyde specific isoenzyme identical to
lutathione-dependent formaldehyde dehydrogenase
nd performs poor ethanol-metabolism [21]. Estonius
t al. (1996) observed differential expression of mRNA
or class I–IV ADH in a wide variety of human tissues,
ncluding liver, kidney and stomach, by Northern-blot
nalysis, but skin was not evaluated [20]. Class I, II
nd III ADH have been identified in human whole skin
omogenates at the mRNA level by Engeland & Maret
1993) [22] but no previous studies have identified spe-
ific classes of ADH at the protein level in human skin.
Mammalian ALDH enzymes were originally cat-

gorised into three classes: class 1 includes the cytoso-
ic forms; class 2 includes the mitochondrial forms and
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lass 3 comprises the cytosolic dioxin-inducible ALDH
enzyme and microsomal ALDHs [23]. Today, human
LDHs are categorized into twelve different classes
ased primarily on gene expression and substrate spec-
ficity [24]. Class 1 ALDH is known to be present con-
titutively in human liver and in many other human
issues including brain, hair roots and red blood cells
25–28]. Retinal is a good substrate for class 1 ALDH
29] and retinal metabolism has previously been ob-
erved in human skin in vitro [30]. Class 1 ALDH is
lso a major soluble constituent of eye lens and has
een implicated in the detoxication of peroxidic alde-
ydes produced by ultraviolet light absorption [31].
lass 3 ALDH preferentially metabolises aromatic al-
ehydes [24]. Four arbitrary bands relating to ALDH
ctivity were observed in human fibroblasts and hair
oots using isoelectric focusing gel techniques with
cetaldehyde-activity staining [32–33]. However, none
f the class 1-3 ALDHs have conclusively been identi-
ed to date at either the mRNA or protein level in
uman skin.
Since ADH and ALDH enzymes play a role in the
etabolism of endogenous and xenobiotic alcohols and

ldehydes, to which the skin is exposed, it is of impor-
ance to determine the presence of these enzymes in
his tissue. Here, we report the presence of class I, II
nd III ADH and class 1 and 3 ALDH in human skin
ytosol by Western blot analysis and their localisation
n intact human skin by immunohistochemistry, using
lass-specific antisera.

ATERIALS AND METHODS

Human tissue samples. Human foreskin (11 samples), breast (10
amples) and abdomen (7 samples) skin samples were obtained from
total of 27 individuals (aged between 1 and 78 years, Caucasian or
fro-Caribbean) who underwent surgery at St. Mary’s Hospital, Lon-
on. All of the abdomen skin samples came from female donors and,
n one case, both breast and abdomen skin was obtained from the
ame female 43 year old donor. Directly following excision, the tissue
as either placed in ice cold 0.9% saline solution then used imme-
iately or snap frozen in liquid nitrogen and stored at 270°C for later
se. A human control liver sample was obtained from a 12 year old
ale traffic accident victim admitted at Addenbrookes Hospital,
ambridge. All human skin and liver samples were obtained with
thical approval from the Local Research Ethics Committees of St.
ary’s Hospital and Addenbrookes Hospital, respectively.

Preparation of skin and liver cytosol fractions. All excised skin
as cleaned of fat and connective tissue and weighed. The skin

amples were then minced with scissors and homogenised in ice-cold
ucrose buffer (;3-4 g of skin per ml of 0.25 M sucrose buffer, pH 6.8
ontaining 15 mM Tris and 0.1 mM EDTA) using an Ultra Turrax
omogeniser (Merck, UK). All homogenates were filtered through
40 mm nylon gauze (Lockertex, UK) to remove large debris, and
ifferential centrifugation was performed to prepare cytosol frac-
ions as follows. The filtered crude homogenate was spun initially at
00g for 10 minutes using a Sorvall RC-5B refrigerated superspeed
entrifuge (Dupont Instruments) and the resulting supernatant
pun at 10,000g for 20 minutes. The supernatant from this second
pin was further spun at 100,000g for 1 hour using a Beckman Combi
ltracentrifuge (Dupont Instruments) and the resulting superna-
101
f all cytosol samples was determined using the standard method by
owry et al. [34].

Western blot analysis. Western blot analysis was performed us-
ng 20 mg of total skin cytosolic protein and either 0.2 mg or 1 mg of
otal liver cytosolic protein. Samples were prepared for electrophore-
is in Laemmli’s sample buffer containing 6 mg/ml dithiothreitol.
DS-PAGE was performed using the BIO-RAD Mini-Protean II gel
ystem, with 4% acrylamide stacking and 10% acrylamide resolving
inigels (run until the dye front reached the bottom of the gel) using

tandard techniques [35]. It was possible to run all 28 skin samples
n two minigels. Human liver cytosol was run on each gel as a
ontrol. To reduce the variations resulting from electrotransfer and
ubsequent development with antisera, in particular for semiquan-
itative analysis, the central sections of the two resolving gels con-
aining the regions of interest (between ;20 kDa and ;90 kDa) were
xcised. The two gels were then placed adjacent to one another on a
ingle nitrocellulose membrane (Schleicher & Schuell, Germany),
hich allowed simultaneous electrotransfer and development with
ntisera. Transfer of the proteins from gel to nitrocellulose mem-
rane was performed at 150 V for 1 hour at 4°C. Membranes were
locked overnight at 4°C in 10 mM Tris-HCl buffer, pH 7.6, contain-
ng 0.25% (w/v) casein, 0.15 M NaCl and 0.5 mM thimerosal. The

embranes were then developed for immunoreactivity using a se-
ection of class-specific rabbit anti-human ADH antisera [36, 37], or
abbit anti-rat ALDH antisera [38, 39]. ALDH antisera were gener-
usly provided by Prof. Ronald Lindahl, University of South Dakota.
ll antibodies were diluted in 10 mM Tris-HCl buffer, pH 7.6, con-

aining 0.05% casein, 0.15 M NaCl, 0.5 mM thimerosal. Antisera
ere used as follows: anti-class I ADH (diluted 1:22,000), anti-class

I ADH (diluted 1:5000); anti-class III ADH (1:15,000); anti-class 1
LDH (diluted 1:3500) or anti-class 3 ALDH (diluted 1:5000).
ntibody-binding was detected using a goat anti-rabbit IgG conju-
ated to horseradish peroxidase (Appligene-Oncor-Lifescreen, UK))
diluted 1:10,000), visualised using enhanced chemiluminescence
ECL reagent, Pierce, Rockford, USA) and recorded on hyperfilm
Amersham, UK). The relative intensity of immunoreactive bands
as determined by measuring optical density using the Quantiscan

oftware package (Biosoft, UK). Local background subtraction
as achieved for each band, separately, by using a near-by refer-
nce area.

Preparation of skin for immunohistochemistry. Full thickness
kin samples were placed in 4% paraformaldehyde (buffered with
odium phosphate to pH 7.4) and fixed overnight at 4°C before
rocessing into paraffin-wax embedded blocks. Sections (5 mm) were
ut and placed onto poly-L-lysine coated slides. Processing and sec-
ioning was performed by the Department of Histopathology at St.
ary’s Hospital, London.

Immunohistochemistry. All immunohistochemistry procedures
ere performed at room temperature. Skin sections were deparaf-
nised in xylene and rehydrated in six ethanol washes of decreasing
ercentage (100-70%). Endogenous peroxidase was quenched by in-
ubation in 3% hydrogen peroxide:TBS (Tris buffered saline) and
on-specific sites blocked by 25% normal goat serum:TBS. Sections
ere then probed with the respective antisera (diluted with TBS):
nti-class I ADH (1:400); anti-class II ADH (1:250); anti-class III
DH (1:400); anti-class 1 ALDH (1:250); anti-class 3 ALDH (1:250)
r non-immune sera (1:250). Antibody-binding was detected using a
oat anti-rabbit IgG conjugated to biotin (DAKO, UK) (diluted in
BS to 1:500) with subsequent bound biotin detected using a horse-
adish peroxidase streptavidin conjugate (Vector Laboratories, Peter-
orough, UK) (diluted in TBS to 1:200). Bound peroxidase activity
as observed by developing with diaminobenzidine (DAB) (Vector
aboratories, Peterborough, UK). Sections were counterstained with
ill’s haematoxylin and visualised with light microscopy.
Caucasian skin sections were used for immunohistochemistry, as

he signal resulting from DAB development, may be confused with
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he layer of brown melanin at the epidermal-dermal junction, char-
cteristic of Afro-Caribbean skin. Serial sections of skin were inves-
igated to allow ease of comparison between non-immune and im-
une sera.

ESULTS

estern Blot Analysis

Western blot analysis, using the class-specific anti-
uman ADH and anti-rat ALDH antisera, revealed

mmunoreactive bands corresponding to the subunit
olecular masses of ADH (;40 kDa) and ALDH

;50–55 kDa) monomers, respectively (Fig. 1). In all
ases, there was no indication of cross-reactivity with
ther proteins in any of the human samples, under the
onditions used.
The class I and II ADH antisera revealed single

mmunoreactive bands at ;40 kDa, in all 28 human
kin samples (Figs. 1A and 1B) and the human liver

FIG. 1. Western blot analysis of ADH and ALDH enzymes in hum
ntisera containing antibodies to (A) class I ADH (diluted 1:22 000),
D) class 1 ALDH (diluted 1: 3500) and (E) class 3 ALDH (diluted 1:50
or (B) 0.2 mg loaded). Lanes 1 to 28 represent different human skin
ge, from 1 to 78 years of age. Lanes labelled with F represent foresk
abelled with B represent breast samples, age range 23 to 59 years w
amples, age range 30 to 78 years with median age 43, (n 5 7).
102
ample. For both of these proteins, densitometric
nalysis revealed the level of expression was similar
n breast and abdominal skin, but was significantly
P , 0.001) lower in foreskin compared to that in
reast and abdominal skin (Figs. 2A and 2B). The
lass III ADH antisera revealed a doublet immuno-
eactive band at ;40 kDa, in all 28 human skin
amples, but a single band in the human liver sam-
le (Fig. 1C). The upper immunoreactive band of the
oublet in the skin sample comigrates with the sin-
le band in the human liver sample. Densitometric
nalysis of both bands of the doublet revealed a
omparable level of class III ADH protein expression
n foreskin, breast and abdomen skin (Fig. 2C). Ac-
ounting for differences in total protein loaded, the
evels of class I ADH, class II ADH and class III ADH
rotein in the liver sample were shown to be approx-
mately 30-fold, 80-fold and 22-fold higher than the

ean level from all 28 skin samples, respectively.

skin cytosol fractions. Nitrocellulose membranes were probed with
class II ADH (diluted 1:5000), (C) class III ADH (diluted 1:12 000),
L 5 human liver cytosol fraction (all 1 mg total protein loaded except
sol fractions (all 20 mg total protein loaded), loaded with increasing
samples, age range 1 to 11 years with median age 5, (n 5 11); lanes
median age 35.5, (n 5 10); lanes labelled with A represent abdomen
an
(B)

00).
cyto
in

ith
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FIG. 2. Semiquantitative densitometric analysis of immunoreactive bands resulting from Western blot analysis of human skin cytosol with
lass specific ADH and ALDH antisera. Densitometric analysis of immunoreactive bands resulting from detection with antisera to (A) class I ADH,
B) class II ADH, (C) class III ADH, (D) class 1 ALDH and (E) class 3 ALDH, was performed using Quantiscan (Biosoft). Values are means (6 SEM)
f the optical density (net volume of pixels per specified area), in arbitrary units. Diagonal lined bars represent male foreskin (n 5 11), wavy lined
ars represent female breast skin (n 5 10) and solid bars represent abdominal skin (n 5 7). * P , 0.001, highly significant difference in optical
ensity readings from foreskin compared to breast skin or abdomen skin, using ANOVA parametric analysis (Instat 2.03).
103
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The anti-class 1 ALDH and anti-class 3 ALDH anti-
era revealed single immunoreactive bands at ;55
Da and ;50 kDa respectively in all 28 human skin
amples (Figs. 1D and 1E). The class 1 ALDH antisera
etected a single 55 kDa immunoreactive band in the
uman liver sample, but the class 3 ALDH antisera did
ot detect any immunoreactivity in this sample. Den-
itometric analysis showed the levels of class 1 ALDH
nd class 3 ALDH expression were comparable in
reast and abdomen skin, whereas the levels were
ignificantly higher (P , 0.001) in foreskin compared to
hose in breast and abdominal skin (Figs. 2D and 2E).
ccounting for differences in total protein loaded, the

evel of class 1 ALDH protein in the liver sample was
alculated to be approximately 22-fold higher than the
ean density for all 28 skin samples.

mmunohistochemistry

Classes I–III ADH and classes 1 and 3 ALDH were
etected in all human skin sections (Fig. 3). Skin sec-
ions incubated with non-immune sera showed no im-
unoreactive staining (Fig. 3A).
Using class 1 ADH antisera, immunostaining of class

ADH protein was observed throughout the epidermis
ith equivalent expression in all keratinocyte layers;
ermal expression was highly localised, particularly in
he microvasculature and sweat ducts (Fig. 3B). Class
I ADH antisera revealed immunostaining throughout
he epidermis, with slightly higher staining at the ker-
tinocyte layer directly beneath the stratum corneum,
nd very little in the dermis (Fig. 3C). Class III ADH
ntisera immunostaining was observed at the basal
pidermis and in the dermis, associated with the der-
al appendages/microvasculature (Fig. 3D). Similarly,

lass 1 ALDH and class 3 ALDH antisera immuno-
taining was evenly distributed throughout the epider-
is, with low level staining in selected dermal cells

Figs. 3E and 3F).

ISCUSSION

In this study, the expression and localisation of ADH
nd ALDH enzymes in human skin has been observed
y Western blot analysis and immunohistochemistry.
sing specific antisera, we have shown the constitutive
resence of classes I-III ADH and classes 1 and 3
LDH in all 28 human skin samples analysed.
The detection of ADH and ALDH enzymes in tissues

as, until recently, been hampered by the availability
f methodologies to discriminate between the various
lasses. Previously, different ADH and ALDH enzymes
ere identified in human cultured fibroblasts and hair

oots using isoelectric focusing (IEF) techniques with
thanol- and acetaldehyde-activity staining [32]. Spec-
rophotometric activity assays had also been used to
nalyse ADH activity in human whole skin homoge-
104
ates [40–42]. However, overlapping substrate speci-
city and a lack of specific inhibitors provided limita-
ions in identifying specific classes with these methods.
he advent of class-specific antibodies has now enabled

ndividual classes to be conclusively identified in a
ariety of tissue samples [36–39]. Western blot analy-
is for ADH, as reported in this study, extends the
orthern blotting studies performed by Engeland and
aret (1993), who identified classes I, II and III ADH
RNA in human whole skin homogenates [22]. How-

ver, no previous studies have been performed to show
he presence of specific ALDH classes in human skin at
ither the mRNA or protein level.
Densitometric analyses of the Western blots re-

ealed lower levels of class I and class II ADH, and
igher levels of class 1 and class 3 ALDH in foreskin,
ompared to the respective levels in breast or abdomen
kin. These results may represent anatomical site vari-
tions in cutaneous ADH and ALDH expression, an
bservation previously not reported for these enzymes,
lthough documented for others [43–45]. Alterna-
ively, they may be due to gender differences: all breast
nd abdomen skin samples were from females and,
aturally, all foreskin samples were from males, al-
hough no evidence of sex-dependent variation in hu-
an hepatic ADH activity has been documented [46]. A

urther potential variable in this study was age: all
oreskin samples were from children (1–11 yrs) whilst
reast and abdomen samples were from adults (23–59
nd 30–78 yrs, respectively). However, Wynne et al.
1992), concluded that age (45–88 yrs) had no effect on
DH activity in human liver [46], although age-related
ariations in human hepatic activity of other enzymes,
uch as cytochrome P450, have been documented [47].
Interestingly, classes I, II and III ADH were present

t higher levels (ranging from 22 to 80-fold) in the
ontrol liver sample compared to the mean level in
kin. Also, the level of class 1 ALDH was shown to be
pproximately 22-fold higher in liver than in skin. This
s in accordance with comparative expression levels
etween other skin and liver enzymes in rodents, in-
luding cytochrome P450s [48], esterases [49] and glu-
athione S-transferase [48].

The absence of constitutive expression of class 3
LDH, the aromatic aldehyde metabolising enzyme, in
uman liver cytosol is in agreement with a number of
uthors who have shown a low or undetectable expres-
ion of this enzyme in normal liver [5, 24]. However,
lass 3 ALDH enzyme expression has been observed to
e inducible in rodent liver, following exposure to tu-
ourigenic chemicals, such as dioxin, or during neo-

lastic transformation [39, 50]. Also, class 3 ALDH is
trongly expressed in about 70% of poorly differenti-
ted and 30% of well differentiated human hepatocel-
ular carcinomas [51]. Such studies may suggest that
lass III ALDH induction provides the means to in-
rease the detoxication of tumour-causing xenobiotics.
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FIG. 3. Immunohistochemical analysis of ADH and ALDH proteins in human skin sections. Human skin sections (5 mm) were probed
ith antisera containing antibodies specific to different ADH and ALDH classes. Section (A) was incubated with non-immune sera as a

ontrol. Sections were incubated with antisera to (B) class I ADH (diluted 1:400); (C) class II ADH (diluted 1:250); (D) class III ADH (diluted
:400); (E) class 1 ALDH (diluted 1:250) and (F) class 3 ALDH (diluted 1:250). Sections (A) and (D) were taken from a 78 year female abdomen
kin sample; section (B) was taken from a 5 year male foreskin sample; sections (C) and (F) were taken from a 24 year breast skin sample
nd section (E) was taken from a 39 year breast skin sample. All immunostaining was from diaminobenzidine (DAB) development (brown
olour) and all sections were counterstained with Gill’s haemtoxylin. Magnification 3 125. Labels on section (A) are as follows: (1) stratum
orneum; (2) epidermis; (3) dermis. Arrows on all sections indicate specific immunostaining.
105
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he constitutive expression of class 3 ALDH in the
kin, as reported in this study may provide a role in the
etabolism and toxicity of xenobiotic and endogenous

hemicals. In addition, class 3 ALDH in skin may also
id detoxication of commonly encountered xenobiotic
romatic aldehydes, to which the skin is exposed in the
orm of industrial and environmental chemicals and
onsumer products.

In terms of the distribution and localisation of these
DH and ALDH enzymes, immunohistochemistry re-
ealed classes I, II and III ADH and classes 1 and 3
LDH proteins to be present, constitutively, predomi-
antly within the epidermis of human skin. Class I and
lass III ADH were additionally localised to specific
ermal cells and structures such as the microvascula-
ure and sweat ducts. The presence of all ADH and
LDH enzymes in the epidermis is consistent with its

ole as a major site of xenobiotic metabolism and its
osition at the interface between the external environ-
ent and internal body organs [52]. The dermal cell

taining with class I and class III ADH antisera may be
n fibroblasts as Buehler et al. (1982) detected ADH in
uman skin fibroblast cultures, using immunohisto-
hemical analysis with anti-ADH antiserum [53]. This
istribution is in agreement with that of other en-
ymes; the cytochrome P450 isoforms CYP 1A1/2 and
YP3 have also been observed to be predominantly

ocalised to the epidermis by immunohistochemical
nalyses with some dermal staining for CYP3A in hu-
an skin [54, 55].
In conclusion, the enzymes classes I, II and III ADH

nd classes 1 and 3 ALDH have been seen to be ex-
ressed, constitutively, in human skin, with local-
sation in specific regions predominantly within the
pidermis. Presupposing that these enzymes are cata-
ytically active, it might be hypothesised that they play
mportant roles in the cutaneous metabolic activation
r detoxication of endogenous and xenobiotic alcohols
nd aldehydes.

CKNOWLEDGMENTS

We gratefully acknowledge Professor Ronald Lindahl, University
f South Dakota, USA, for the donation of antisera against human
lasses 1 and 3 ALDH. This work was funded by the Research
nstitute for Fragrance Materials, Inc.

EFERENCES

1. Boleda, M. D., Saubi, N., Farres, J., and Pares, X. (1993) Arch.
Biochem. Biophys. 307, 85–90.

2. Lieber, C. S. (1994) Journal of Toxicology-Clinical Toxicology 32,
631–681.

3. Edenberg, H. J., and Bosron, W. F. (1997) in Comprehensive
Toxicology (Guengerich, F. P., Ed.), Vol. 3, pp. 119–131, Perga-
mon, New York.

4. Hjelle, J. J., and Petersen, D. R. (1983) Toxicol Appl. Pharmacol.
70, 57–66.
106
6. Ophaswongse, S., and Maibach, H. (1994) Contact Dermatitis 30,
1–6.

7. Flyvholm, M. A., and Menne, J. (1992) Contact Dermatitis 27,
27–36.

8. Ross, J. S., Rycroft, R. J. G., and Cronin, E. (1992) Contact
Dermatitis 26, 203–204.

9. Feron, V. J., Til, H. P., de Vrijer, F., Woutersen, R. A., Cassee,
F. R., and van Bladeren, P. J. (1991) Mutation Research 259,
363–385.

0. Opdyke, D. L. J. (1979) Monographs on Fragrance. Raw Materi-
als, Pergamon, Oxford.

1. Foussereau, J., Hervebazin, B., Meynadier, J., Reuter, G., and
Cavelier, C. (1982) Contact Dermatitis 8, 73.

2. Rogers, S. C., Burrows, D., and Neill, D. (1978) Br. J. Dermatol.
98, 559–560.

3. Amin, S., Tanglertsampan, C., and Maibach, H. I. (1997) Am. J.
Contact Dermat. 8, 15–19.

4. van Duuren, B. L., Langseth, L., Orris, L., Teebor, G., Nelson, N.,
and Kuschner, M. (1967) J. Nat. Cancer Inst. 39, 1217–1228.

5. Curren, R. D., Yang, L. L., Conklin, P. M., Grafstrom, R. C., and
Harris, C. C. (1988) Mutation Research 209, 17–22.

6. Jornvall, H., and Hoog, J.-O. (1995) Alcohol and Alcoholism 30,
153–161.

7. Li, T.-K., and Bosron, W. F. (1981) in Annals New York Acad.
Sci., Part I. Alcohol and Acetaldehyde Metabolism, pp. 1–10.

8. Ditlow, C. C., Holmquist, B., Morelock, M. M., and Vallee, B. L.
(1984) Biochemistry 23, 6363–6368.

9. Mardh, G., Dingley, A. L., Auld, D. S., and Vallee, B. L. (1986)
Proc. Natl. Acad. Sci. 83, 8908–8912.

0. Estonius, M., Svensson, S., and Hoog, J.-O. (1996) FEBS Letts.
397, 338–342.

1. Koivusalo, M., Baumann, M., and Uotila, L. (1989) FEBS Letts.
257, 105–109.

2. Engeland, K., and Maret, W. (1993) Biochem. Biophys. Res.
Commun. 193, 47–53.

3. Weiner, H., and Flynn, T. G. (1989) in Enzymology and Molec-
ular Biology of Carbonyl Metabolism, pp. xix–xxi, Alan Liss,
New York.

4. Yoshida, A., Rzhetsky, A., Hsu, L. C., and Chang, C. (1998) Eur.
J. Biochem. 251, 549–557.

5. Hempel, J., von Bahr-Lindstrom, H., and Jornvall, H. (1984)
Eur. J. Biochem. 141, 21.

6. Goedde, H. W., Agarwal, D. P., Eckey, R., and Harada, S. (1985)
Alcohol 2, 383–390.

7. Hsu, L. C., Tani, K., Fujiyoshi, T., Karachi, K., and Yoshida, A.
(1985) Proc. Natl. Acad. Sci. 82, 3771.

8. Yoshida, A., Dave, V., Ward, R. J., and Peters, T. J. (1989) Ann.
Human Genet. 53, 1–7.

9. Yoshida, A., Hsu, L. C., and Dave, V. (1992) Enzyme 46, 239–
244.

0. Bailly, J., Crettaz, M., Schifflers, M. H., and Marty, J. P. (1998)
Exp. Dermatol. 7, 27–34.

1. King, C. T., and Holmes, R. S. (1997) Adv. Exp. Med. 414, 19–27.
2. Goedde, H. W., Agarwal, D. P., and Harada, S. (1979) Clinical

Genetics 16, 29–33.
3. Goedde, H. W., Agarwal, D., and Harada, S. (1980) Enzyme 25,

281–286.
4. Lowry O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.

(1951) J. Biol. Chem. 193, 265–275.
5. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular



Cloning, A Laboratory Manual, 2nd ed., Cold Spring Harbour

3

3

3

3

4

4

4

4

4
4

46. Wynne, H. A., Wood, P., Herd, B., Wright, P., Rawlins, M. D.,

4
4

4

5

5

5

5

5

5

Vol. 261, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Laboratory Press.
6. Jelokova, J., Karlsson, C., Estonius, M., Jornvall, H., and Hoog,

J.-O. (1994) Eur. J. Biochem. 225, 1015–1019.
7. Svensson, S., Hedberg, J. J., and Hoog, J.-O. (1998) Eur. J. Bio-

chem. 251, 236–243.
8. Lindahl, R., Bagget, D. W., and Winters, A. L. (1985) Biophys.

Biochem. Acta 843, 180–185.
9. Boesch, J. S., Lee, C., and Lindahl, R. G. (1996) J. Biol. Chem.

271, 5150–5157.
0. Wilkin, J. K., and Stewart, J. H. (1987) J. Invest. Dermatol. 88,

452–454.
1. Saleem, M. M. N. M., Al-Tamer, Y. Y., Skursky, L., and Al-

Habbal, Z. (1984) Biochem. Med. 31, 1–9.
2. Peterson, B. J., Cornell, N. W., and Veech, R. L. (1980) Adv. Exp.

Med. Biol. 132, 533–541.
3. Wilson, J. D., and Walker, J. D. (1969) J. Clin. Invest. 48,

371–379.
4. Hsia, S. L., and Hao, Y. L. (1966) Biochemistry 5, 1469–1574.
5. Mazer, N. A., Heiber, W. E., Moellmer, J. F., et al. (1992) J.

Control Release 19, 347–362.
107
and James, O. F. W. (1992) Age and Aging 21, 417–420.
7. Tanaka, E. (1998) J. Clin. Pharm. Ther. 23, 247–255.
8. Pham, M. A., Magdalou, J., Totis, M., Fournel-Gigleux, S., Siest, G.,

and Hammock, B. D. (1989) Biochem. Pharmacol. 38, 2187–2194.
9. Finnen, M. J. (1987) in Pharmacology and the Skin (Shroot, B.,

and Schaefer, H., Eds.), Karger, Basel.
0. Lindahl, R., Clark, R., and Evces, S. (1983) Cancer Res. 43,

5972–5977.
1. Shibuya, A., Takeuchi, H., Shibata, K., and Yoshida, A. (1994)

Alcohol and Alcoholism 29, 119–123.
2. Hotchkiss, S. A. M. (1998) in Dermal Absorption & Toxicity

Assessment (Roberts, M. S., and Walters, K. A., Eds.), pp. 43–
101, Marcel Dekker, New York.

3. Buehler, R., Hess, M., and Von Wartburg, T. P. (1982) Am. J.
Pathology 108, 89–99.

4. Baron, J., Voigt, J. M., Whitter, T. B., et al. (1986) Adv. Exp. Biol.
Med. 197, 119–144.

5. Murray, G. I., Barnes, T. S., Sewell, H. F., Ewen, S. W. B.,
Melvin, W. T., and Burke, M. D. (1988) Br. J. Clin. Pharmacol.
25, 465–475.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2

	DISCUSSION
	FIG. 3

	ACKNOWLEDGMENTS
	REFERENCES

