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Abstract

Alcohol ingestion is correlated with several skin disorders and it has been proposed that changes in skin properties may be an early
indicator of alcohol misuse. Topically applied ethanol is an effective transdermal penetration enhancer; however, little is known about the
effects of chronic ethanol ingestion on skin. Rats were pair fed a diet containing 36% ethanol for twelve weeks. The animals were then
switched to a non-ethanol diet and were monitored for up to four weeks. Non-invasive measurements for changes in dermal blood flow
using laser Doppler velocimetry (LDV), damage to skin barrier via transepidermal water loss (TEWL) and changes in skin moisture con-
tent were obtained for the experimental duration. At 0, 1 day or 1, 2, 3, 4 weeks after alcohol removal rats were euthanized and their skin
was analyzed for alcohol and aldehyde dehydrogenase, and lipid peroxidation. Transdermal penetration of the herbicide paraquat,
industrial solvent dimethyl formamide (DMF), insect repellant N,N-diethyl-m-toluamide (DEET) and herbicide 2,4-dichlorophenoxyace-
tic acid (2,4-D) was also determined. Transdermal absorption, LDV, TEWL, skin alcohol and aldehyde dehydrogenase, as well as lipid
peroxidation significantly increased after continuous ethanol exposure (p < 0.05). These factors remain elevated for up to four weeks
after termination of ethanol consumption, showing that skin changes induced by alcohol are not immediately reversible and reflect
fundamental changes in the skin itself. This work provides a starting point for examining the link between ethanol ingestion and skin
disorders associated with alcohol use.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The potential benefits of alcohol use have recently been
highlighted (Standridge et al., 2004). To recommend regu-
lar alcohol consumption in moderation, it is essential for
physicians to weigh benefits and risks of its use. Well-
known complications such as liver disease and chronic
pancreatitis are relatively rare in moderate/low alcohol
use. Alcohol abuse has been associated with development
of several skin disorders including psoriasis, rosacea, dis-
coid eczema, palmer erythema and spider nevi (Higgins
0278-6915/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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and du Vivier, 1992). Chronic alcohol abuse is also a pre-
disposing factor for necrotizing wound infections and
delayed wound healing (Dhaene et al., 1986; Faunce
et al., 2003; Lawlor et al., 1992; Radek et al., 2005). Mela-
noma and basal cell carcinoma onset have also been corre-
lated with alcohol ingestion (Freedman et al., 2003a,b;
Fung et al., 2002; Le Marchand et al., 2006). Our knowl-
edge regarding the mechanisms, by which alcohol con-
sumption triggers these effects, however, is limited, but
the pathogenesis of ethanol effects on the skin is consistent
with increases in generation of reactive oxygen species
(ROS). Allergic and inflammatory skin diseases are medi-
ated by oxidative stress (Drewa et al., 2002; Leveque et al.,
2004; Yildirim et al., 2003), and it has been hypothesized
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that the pathogenesis of melanoma is driven by an altered
redox state that is generated during malignant melanoma
tumorigenesis (Meyskens et al., 2004).

Chemical exposures in the home, workplace or outdoors
are unavoidable with some of these compounds posing
health risks. The skin is the major site of absorption for
many chemicals; therefore, a compromised dermal barrier
could increase the level of toxins entering the body. Both
chronic and acute ethanol ingestion enhance transdermal
penetration of xenobiotics (Brand et al., 2004,2006; Squier
et al., 2003). The question therefore arises if the same
mechanism is responsible for increased xenobiotic absorp-
tion with both exposure patterns. Previously, we have dem-
onstrated that vasodilation triggered by a single episode of
ethanol ingestion is not responsible for the observed
increase in transdermal absorption (Brand et al., 2007a).
Furthermore, increases in transdermal absorption could
also be due to ROS generated damage to the lipid bilayers
of the stratum corneum that are principally responsible for
skin barrier function. Acute alcohol consumption causes
changes in skin lipids, leading to increases in both lipid per-
oxidation and transepidermal water loss (TEWL) (Brand
et al., 2007a). The mechanisms by which chronic ethanol
ingestion impact skin barrier function are not clear. We
hypothesized that chronic alcohol consumption will cause
alterations in the skin that are similar to those that occur
in alcoholic liver disease. These changes include increases
in alcohol dehydrogenase (ADH) and aldehyde dehydroge-
nase (ALDH) as well as free radical generation (Skrzydle-
wska et al., 2002), leading to barrier damaging lipid
peroxidation. To test the hypotheses, rats were pair fed a
diet containing 36% ethanol for twelve weeks. During this
time, changes in dermal blood flow using laser Doppler
velocimetry (LDV), damage to the skin barrier via TEWL
and alterations in skin moisture content were non-inva-
sively measured. After 12 weeks, the animals were switched
to a non-ethanol diet and were monitored for up to four
weeks. At 0, 1 day, or 1, 2, 3, 4 weeks rats were euthanized
and their skin was analyzed for alcohol and aldehyde dehy-
drogenase, and lipid peroxidation. Transdermal penetra-
tion of the herbicide paraquat, the industrial solvent
dimethylformamide (DMF), the commonly used insect
repellant N,N-diethyl-m-toluamide (DEET) and the herbi-
cide 2,4-dichlorophenoxyacetic acid (2,4-D) was also deter-
mined at each time point.

2. Methods

2.1. Animal model

All animals were maintained in an AAALAC approved
facility and were treated according to the NIH Guide for
the Care and Use of Laboratory Animals. Male Wistar rats
were fed the Lieber DeCarli liquid diet, where 36% of the
calories are due to ethanol for 12 weeks. The diet contains
35% fat and 18% of total protein, 36% ethanol and the
remainder as carbohydrate (Lieber and DeCarli, 1989).
Rats were pair fed to controls receiving a diet where etha-
nol was replaced isocalorically with carbohydrate (n = 9).
After 12 weeks the liquid diet was replaced with standard
chow and animals were euthanized at either just before
the transition or 1 day, 1, 2, 3, 4 weeks after chow feeding.

2.2. Non-invasive measurements

Dermal blood flow, TEWL and skin moisture were non-
invasively measured prior to ethanol feeding and 1 day, 1,
2, 3, 4, 6, 8, 10 and 12 weeks after starting alcohol and 1
day, 1, 2, 3, or 4 weeks after returning to a chow diet.
The back of each rat was carefully shaved using dog
grooming clippers (Oster, blade #40) taking care not to
abrade the skin, prior to measurement. Animals were held
in a comfortable position without the use of anesthesia
since there was concern that it could interfere with the
LDV blood flow measurements (Fizanne et al., 2003;
McKaigney et al., 1986). The laser of the Moorlab server
(Moor Instruments, Wilmington Delaware) was placed
on the shaved region of the back and blood flow was mea-
sured for 60 s. Average readings were taken from stable
portions of the curve and the procedure was repeated.
TEWL was measured using a closed chamber evaporimeter
(VapoMeter SWL2g; Delfin Technologies Ltd, Kuopio
Finland) that monitors the increases in relative humidity
inside the chamber and reports them as g/m2-h (Fluhr
et al., 2006). Skin moisture content was determined in the
dermis using a Moisture MeterD (Delfin Technologies
Ltd, Kuopio Finland). A S15 probe with an effective mea-
surement depth of 1.5 mm was used to measure dermal
moisture by exposing the skin to a 300 MHz low power
electromagnetic wave. The measured dielectric constant is
proportional to tissue moisture levels (Nuutinen et al.,
2004). Stratum corneum moisture was measured using a
Scalar Moisture Checker (SCALAR AMERICA, Sacra-
mento CA) which monitors skin conductance levels to cal-
culate the absolute water content (Asano-Kato et al.,
2001).

2.3. Diffusion studies

An in vitro flow-through diffusion cell system with
chambers containing a surface area of 0.8 cm2 was used
for transdermal penetration experiments (PermeGear, Rie-
gelsville, PA). The donor solutions were 100 lL of either
(1) 2,4-D amine (Agriliance, St. Paul, MN), diluted to
1.2% (1.2 mg) and spiked with 50,000 dpm [14C] 2,4-D
(specific activity 92.6 lCi/mg, Sigma St. Louis, MO), (2)
Paraquat, (Gramoxone Extra, ZenecaAg/Syngenta, Wil-
mington DE), diluted in to 0.93% (0.93 mg) in water mixed
with 50,000 dpm [14C] paraquat – methyl 14C dichloride
(specific activity 125.7 lCi/mg, Sigma St. Louis, MO), (3)
DEET (Sigma St. Louis, MO) diluted to 19% (19 mg) in
acetone (since it is insoluble in water) spiked with
50,000 dpm [14C] DEET (specific activity 209.1 lCi/mg,
Sigma St. Louis, MO) or (4) DMF (Sigma St. Louis,
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MO) diluted to 3% (3 mg) in water spiked with 50,000 dpm
[14C] dimethyl formamide (DMF, specific activity
752.4 lCi/mg Sigma St. Louis, MO). Each concentration
was chosen because it reflects common usage of the prod-
uct. The dermal side was in contact with the continuously
perfused receiver fluid comprised of Hanks balanced saline
solution (HBSS) and the system was maintained at 32 �C.
Fractions were collected in 120-minute increments and
were assayed for radioactivity using liquid scintillation
counting (Packard, Tricarb Model 1600CA).

2.4. Enzyme assays

A 15 mg piece of skin was snap frozen and pulverized
using a BioPulverizer (BioSpec Products, Bartlesville,
OK). The powder was placed into 1 ml of saline and centri-
fuged with the effluent being used for all assays. Alcohol
dehydrogenase was assayed using a spectrophotometric
method (Boleda et al., 1989). Briefly, a cuvette was filled
with 1.4 ml of 0.05 M sodium pyrophosphate buffer,
1.4 ml of 0.025 M NAD+ and 0.1 ml ethanol. The reaction
was initiated by the addition of 0.1 ml of skin homogenate
to the cuvette. The increase in absorbance at 340 nm and
25 C was monitored for 5 min. Aldehyde dehydrogenase
was assayed following the method of Bostian and Betts
(Bostian and Betts, 1978). The cuvette contained 2.2 ml dis-
tilled water, 0.3 ml of 1.0 M Tris–HCL buffer, 0.1 ml of
0.005 M acetaldehyde, 0.1 ml of 3.0 M KCl, 0.1 ml of
0.33 M a-2-mercaptoethanol and 0.1 ml of 0.02 M
NAD+. The reaction was started by the addition of the
0.1 ml of skin homogenate as a source of aldehyde
dehydrogenase.

2.5. Lipid peroxidation

Lipid peroxidation triggers the breakdown of polyunsat-
urated fatty acids, leading to the formation of malondialde-
hyde, which then reacts with thiobarbituric acid (TBAR) to
give a red species absorbing at 535 nm. One ml of the sam-
ple was combined with 2.0 ml of TCA–TBA–HCl reagent
(15%w/v trichloroacetic acid; 0.375%w/v thiobarbituric
acid and 0.25 N hydrochloric acid), heated for 15 min
and then centrifuged for 10 min at 1000g. The absorbance
was determined at 535 nm against a blank containing all
reagents minus the sample. The malondialdehyde concen-
tration of the sample was calculated using an extinction
coefficient of 1.56 � 105 M�1 cm�1 (Buege and Aust, 1978).

2.6. Data analysis

The data were normalized to account for any variability
in feeding regime that may have occurred. The measured
value from each ethanol-fed animal was divided by the
corresponding result from its pair fed control (n = 9) for
each assay and non-invasive measurement. The enhance-
ment ratio (ER) was calculated for each pair of animals
and the mean ± s.e.m for each ER were determined. The
enhancement ratio was further analyzed to determine if it
was statistically different from 1.0 (which would indicate
no enhancement) using a two-tailed, one sample t-test with
significance set at p < 0.05 (GraphPad Prism, GraphPad,
San Diego, CA) (Brand et al., 2006).

Transdermal absorption data were analyzed by comput-
ing cumulative percent penetrated vs. time. The enhance-
ment ratio (ER) was determined by dividing the amount
through skin from ETOH-treated rats at 24 h by the
amount through control skin at 24 h, for each pair tested
(n = 9). This direct comparison between control and etha-
nol-fed rat was the basis for the statistical analysis
described above.
3. Results

3.1. Chronic ethanol consumption triggers enzymatic changes
in the skin

The effect of the Lieber–DeCarli diet on skin enzymes
was examined by assaying rat skin for ADH and ALDH
levels. Fig. 1 demonstrates that chronic ethanol consump-
tion upregulated these skin enzymes associated with alco-
hol metabolism with enhancement ratios of 1.6 (p < 0.01)
for both enzymes when compared with non-alcohol ingest-
ing animals. This enhancement continued for at least two
weeks after cessation of ethanol ingestion even though skin
ethanol levels returned to baseline 24 h after alcohol
removal (data not shown).
3.2. Alcohol ingestion causes reactive oxygen species

formation in the skin

The hypothesis that alcohol may trigger changes in skin
barrier function by inducing oxidative stress was tested by
examining the ability of ethanol and its metabolites to
cause oxidative damage to skin lipids, as indicated by lipid
peroxidation, using the TBAR assay (Buege and Aust,
1978). Lipid peroxidation was enhanced 2.3 fold after 12
weeks of ethanol ingestion when compared to pair fed
controls (p < 0.01). While the level of lipid peroxidation
dropped rapidly upon termination of alcohol exposure
(ER = 1.3, p < 0.05), it does remain significantly elevated
for an additional two weeks (Fig. 2).
3.3. Chronic ethanol consumption induces physical changes
in the skin

The functional integrity of the skin barrier can be mea-
sured non-invasively by monitoring the permeability of
water through the stratum corneum quantitated as TEWL
(Baker and Kligman, 1967). Alcohol is a potent vasodilator
known to act on the skin as characterized by ethanol-
induced flushing. LDV is a technique that non-invasively
measures dermal blood flow using light transmitted from
a helium–neon laser light source and is therefore a sensitive
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(a) Skin Aldehyde Dehydrogenase (b) Skin Alcohol Dehydrogenase

Fig. 1. Effect of ethanol consumption on (a) alcohol dehydrogenase and (b) aldehyde dehydrogenase as a function the duration on chow diet after 12
weeks of ethanol consumption. Enhancement Ratio = value ETOH animal/value control animal. Data are presented as mean ± s.e.m (n = 9).
* = p < 0.05.
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Fig. 2. Lipid peroxidation as determined by malondialdehyde levels as a
function the duration on chow diet after 12 weeks of ethanol consumption.
Enhancement Ratio = value ETOH animal/value control animal. Data
are presented as mean ± s.e.m (n = 9). * = p<0.05.
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indicator of changes in local skin blood flow (Guy et al.,
1985; Holloway and Watkins, 1977).

Dermal blood flow, TEWL and skin moisture levels
were measured throughout the course of the experiment.
Animals were pair fed the Lieber–DeCarli diet for 12 weeks
and then were switched to a chow diet for either 1 day, or 1,
2, 3, or 4 weeks. Fig. 3 presents the enhancement ratio for
each of these parameters. The data as evidenced by an
ER > 1.0 demonstrate that chronic ethanol ingestion trig-
gered increased skin blood flow (Fig. 3a, LDV) within
one day of beginning ingestion. This effect continued for
four weeks after removal of alcohol from the diet. Addi-
tionally, the TEWL measurements demonstrate the skin
barrier was altered by chronic ethanol consumption, but
this effect was more gradual in onset than the changes in
dermal blood flow (Fig. 3b TEWL ER > 1.0). TEWL
remained elevated for at least three weeks after alcohol ces-
sation. Dermal moisture levels also increased with alcohol
consumption, but this may be a reflection of increased
blood flow as the patterns are similar (Fig. 3c). Further-
more, stratum corneum moisture levels were reduced by
drinking alcohol (Fig. 3d).
3.4. Alcohol ingestion increases transdermal absorption of

xenobiotics

Fig. 4 demonstrates the impact of alcohol consumption
on the absorption of the xenobiotics tested. Both the
cumulative penetration curve through skin from animals
euthanized while still on an ethanol diet (day 0) and the
enhancement ratio (ER) as a function of time after cessa-
tion of ethanol ingestion are presented. The ER is defined
as the cumulative amount absorbed at 24 h through skin
from ethanol treated animals/absorption through skin
from pair fed control animals. Ethanol increased the trans-
dermal penetration for each of the four compounds tested
with Fig. 4a and b showing paraquat, Fig. 4c and d demon-
strating DMF, Fig. 4e and f giving DEET results and
Fig. 4g and h showing 2,4-D. Paraquat had the greatest
enhancement ratio at day 0 (3.2) followed by 2,4-D (2.3),
DMF(1.9) and DEET (1.4). The transdermal absorption
of DMF remained significantly elevated (p < 0.05) for at
least four weeks after cessation of ethanol treatment. Pen-
etration of the other xenobiotics also remained elevated
through skin from ethanol-fed animals for the duration
of the experiments but the enhancement was not statisti-
cally significant.

4. Discussion

These studies characterized increases in transdermal
penetration and the mechanisms by which these changes
occurred in rats given ethanol chronically. The data dem-
onstrate greater levels of skin enzymes associated with eth-
anol metabolism and higher generation of reactive oxygen
species that parallel those found in the liver after alcohol
consumption. Furthermore, ethanol ingestion induces
changes in the skin leading to increased internalization of
hazardous chemicals. The prototype xenobiotics used
reflect exposures in an industrial, agricultural and home
environment. There is a link between toxic chemical
exposures and multiple diseases, some of which are also



(a) LDV (b) TEWL

(c) Dermal Moisture (d) Stratum Corneum Moisture

Fig. 3. Impact of ethanol consumption on (a) LDV, (b) TEWL, (c) dermal moisture and (d) SC moisture measurements as a function the duration on
chow diet after 12 weeks of ethanol consumption. Enhancement Ratio = value ETOH animal/value control animal. Data are presented as mean ± s.e.m
(n = 9). * = p < 0.05.
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associated with alcohol consumption. It is possible that the
interaction between these chemicals have a greater impact
in disease development than previously anticipated.
Directly comparing the results of the experiments presented
in this work with those from an earlier study examining
changes after acute alcohol consumption (Brand et al.,
2007a) supports the idea that multiple mechanisms may
be responsible for ethanol-induced changes in the skin.

The Lieber–DeCarli ethanol-fed rat model leads to clin-
ically relevant blood alcohol levels above 100 mg/dL,
20 mM or 0.1% ethanol (Lieber and DeCarli, 1989). It is
an accepted model for human alcohol consumption as it
causes the usual ethanol-induced hepatic changes, includ-
ing hepatomegaly, elevated triglycerides and ultrastructural
changes (Casey et al., 1987; Lieber, 1993). Rat skin is also
an appropriate model for human dermal absorption. While
the exact quantity of xenobiotic penetration will vary
between species, delivery trends tend to be similar, with
rat skin averaging 3.1 greater permeability (range 1.7–5.8)
than human skin (Barber et al., 1992; Priborsky and Muhl-
bachova, 1990).

Alcohol ingestion induces multiple enzymes in the liver
to assist in its metabolism, with the main pathways involv-
ing the enzymes ADH and ALDH or cytochrome P450-
2E1. Much of the toxicity of ethanol is associated with
the redox changes and oxidative stress generated by these
enzymes during the course of ethanol metabolism (Lieber,
2004). The impact of alcohol consumption on these
enzymes in the skin however is unknown. The skin is a
major source of extrahepatic alcohol dehydrogenase giving
it the highest capacity for ethanol oxidation outside the
liver. While its activity per mg of tissue is quite low
(2.8 mU/g tissue), in rats, the size of the skin makes it a
major factor with a total level of 88.0 ± 15 mU/organ
which is 1/40th of the livers level and 23% of the total
extrahepatic rate. Rat skin contains both the isoenzymes
ADH-1 and ADH-2, but not ADH-3 (Boleda et al.,
1989). Chronic ethanol consumption induced skin ADH
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(a) Paraquat (b) Paraquat -ER Time Course

(c) DMF

(e) DEET

(g) 2,4-D

(d) DMF-ER Time Course

(f) DEET-ER TimeCourse

(h) 2,4-D-ER Time Course

Fig. 4. Transdermal absorption of (a) paraquat, (c) DMF, (e) DEET, (g) 2,4-D taken from animals after 12 weeks of ethanol ingestion (day 0). Open
symbols are ethanol-fed; closed symbols were fed a control diet. Enhancement ratios (ER) for transdermal penetration studies as a function the duration
on chow diet after 12 weeks of ethanol consumption (b) paraquat, (d) DMF, (f)DEET, (h) 2,4-D. Enhancement Ratio = % penetration ETOH animal
skin/% penetration control animal skin after 24 h. Data are presented as mean ± s.e.m (n = 9) * = p < 0.05.
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levels by 60% compared to pair fed controls and this
enhancement remained for at least two weeks after alcohol
cessation. Aldehyde dehydrogenase levels also increased by
60% after chronic ethanol consumption then gradually
decreased to near control levels at four weeks of
abstinence.

Lipid peroxidation results from the generation of reac-
tive oxygen species and consists of the oxidative degrada-
tion of glycerophospholipids, sphingolipids, unsaturated
fatty acids and cholesterol (Lasch et al., 1997). Ethanol
ingestion triggers an increase in lipid peroxidation, as indi-
cated by the formation of maldionaldehyde in the liver,
heart, brain and testes (Kasdallah-Grissa et al., 2006). It
also induces lipid peroxidation in skin of alcohol consum-
ing animals. Chronic ethanol consumption for 12 weeks
increased malondialdehyde levels by 230%. Skin lipid per-
oxidation dropped rapidly upon alcohol termination but
remained elevated by 30–50% for an additional two weeks.
These withdrawal levels are closer to those found after
acute alcohol treatment. Lipid peroxidation levels signifi-
cantly increased two hours after a single ethanol ingestion
of either 6 or 10 g/kg ethanol by 63% and 40%, respectively
(Brand et al., 2007a).

Disruptions in the lipid bilayers of the stratum corneum
can compromise the functional integrity of the skin barrier
and these changes can be monitored non-invasively
through transepidermal water loss (Baker and Kligman,
1967; Grubauer et al., 1989). Water loss through the skin
generated by transepidermal diffusion (independent of
sweating) is a steady passive process limited by the stratum
corneum. There is a correlation between increasing TEWL
levels and percutaneous penetration (Levin and Maibach,
2005). SC lipid peroxidation levels correlate well with
changes in TEWL levels after barrier disruption (Weber
et al., 2003). A single dose of 10 g/kg alcohol increases
TEWL by 12% in Wistar rats (Brand et al., 2007a) and
by 30% in the flexor forearm and 50% in the forehead of
humans (Jacobi et al., 2005). TEWL is not very sensitive
to immediate changes in blood flow (Baker and Kligman,
1967), so ethanol-induced vasodilation would not responsi-
ble for the TEWL changes observed in this study. Rodri-
gues et al. (2004) found that a 90% decrease in LDV
levels triggered just a 3% increase in TEWL levels, while
restoring the blood flow back to original levels caused only
a 7% reduction in TEWL. In the chronically fed animals,
TEWL increased gradually, reached a maximum 35%
increase after three weeks of ethanol ingestion, and
remained elevated for three weeks after alcohol cessation.

In a previous study, we demonstrated both a trend
toward increasing TEWL levels after ethanol ingestion
and increases in lipid peroxidation, indicating that even a
single incident of alcohol consumption causes changes in
skin lipids (Brand et al., 2007a). Topically, ethanol is an
effective penetration enhancer used in commercially avail-
able transdermal patches and topical preparations (Corn-
well and Barry, 1995; Walters, 1989). It acts directly on
the skin by increasing lipid fluidity near the polar interface
by as much as 70% and altering the polar head group
region of the lipid bilayers (Marjukka Suhonen et al.,
1999). This increases the effective interfacial area of the
bilayer leading to greater diffusivity and partitioning espe-
cially for hydrophilic permeants (Kim et al., 1992; Krill
et al., 1992). Thus it is possible that both acute and chronic
ethanol ingestion increase transdermal penetration by
altering the lipid bilayer within the stratum corneum, even
at the low doses associated with drinking.

Ethanol consumption at levels sufficient to damage the
liver can interfere with skin barrier function by altering
the fatty acids released from the liver. Epidermal lipid gen-
eration requires linoleate and arachidonate, but since they
cannot be made in the skin, the liver provides them (Wertz
and Downing, 1989). In the absence of sufficient levels of
linoleate, oleate substitution occurs. Alcohol consumption
decreases the level of linoleate while increasing the release
of oleate and palimate into the blood stream (Dan and
Laposata, 1997) allowing the development of normal inter-
cellular lamellae, but an incomplete dermal barrier (Wertz
and Downing, 1989,1990). Furthermore, the extended
duration of increased xenobiotics penetration would also
be consistent with alcohol-induced changes in fatty acid
composition. This would support the hypothesis that etha-
nol-induced changes in skin barrier are directly due to liver
damage and is consistent with the data presented in this
study. However, previous work in our laboratory has
found changes in xenobiotic permeability after a single
dose of ethanol consumption (Brand et al., 2006,2007b)
and acute ethanol ingestion would not be sufficient to trig-
ger the liver changes.

The increases in blood flow, TEWL, lipid peroxidation
and alcohol and acetaldehyde dehydrogenase all correlated
with greater transdermal absorption of the topically
applied xenobiotics triggered by ethanol ingestion. The
enhancement magnitude for percutaneous penetration is
dependent on the xenobiotic tested. These results are simi-
lar to earlier studies that demonstrate that both chronic
and acute ethanol consumption increase the transdermal
penetration of multiple xenobiotics. Rat skin is more
permeable to tritiated water and the tobacco carcinogen
nitrosonornicotine (Squier et al., 2003) as well as to small
hydrophilic and moderately hydrophobic herbicides after
chronic alcohol ingestion (Brand et al., 2004). Greater
transdermal absorption is also found for the herbicide
paraquat, the industrial solvent DMF, the commonly used
insect repellant DEET and the herbicide 2,4-dichlorophe-
noxyacetic acid (2,4-D) after rats are gavaged with a single
dose of ethanol (Brand et al., 2006,2007b). Changes in
blood flow, however were found to be independent of
transdermal absorption in our system since injection of
the vasoconstrictor epinephrine and vasodilator prilocaine
did not alter the penetration of xenobiotics (Brand et al.,
2007a) so it is unlikely to be responsible for penetration
enhancement after chronic treatment.

The impact of withdrawal on the skin was examined by
monitoring animals for up to four weeks after alcohol ces-
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sation. Previously, we demonstrated that the transdermal
penetration of the herbicine 2,4-D partially recovers 1–2
weeks after removal of alcohol from the diet (Brand
et al., 2004). The data presented in this study are consistent
with the earlier report, but have examined the effect of
withdrawal on the skin in more detail. The stratum cor-
neum is completely replaced every 3–4 weeks in normal
skin so we hypothesized that the effects of alcohol would
be reversed within four weeks of termination. The results,
however, do not support this hypothesis and indicate that
the residual effects of alcohol are interfering with the recov-
ery of the skin barrier. The precise mechanism by which
this occurs however, was not examined in this work and
it is not possible to determine with certainty the mecha-
nisms involved.

The data are consistent with alcohol-induced oxidative
stress causing lipid peroxidation within the skin leading
to a disruption of the dermal barrier. The induction of
ADH and ALDH in skin are potential pathways by
which alcohol generates these reactive oxygen species,
within the skin. Additionally, there may be other by-
products generated from ethanol during metabolism that
can interfere with skin barrier function. The ability of
ingested ethanol to act as a skin solvent, interfering with
the lipids themselves was not examined, but would be a
possible mechanism to explain the increases in transder-
mal penetration in both chronic and acute models.
Changes in lipid composition of the skin, resulting in
impaired barrier function after chronic ethanol ingestion,
were not directly tested in this work, but increases in
TEWL and decreases in stratum cornuem moisture are
consistent with these changes. This mechanism, however
would likely only be a factor in chronic alcohol and
not acute intake. Dermal blood flow is increased with
alcohol ingestion and this may contribute to the
increased penetration, however earlier studies in the acute
feeding model demonstrated that greater blood flow was
not responsible for higher transdermal absorption. These
observations make it less likely that ethanol-triggered
vasodilation is the primary mechanism responsible for
increased xenobiotic absorption after chronic ingestion.

Ethanol induces changes in the skin that mimic those
seen in the liver including increases in enzymes related to
alcohol metabolism, oxidative stress and blood flow and
these changes remain for at least four weeks after ethanol
withdrawal. It is not possible to determine whether skin
alterations from chronic ethanol consumption are due
solely to metabolic changes within the skin or if ethanol
effects on the liver are indirectly responsible for the skin
modifications. Further studies are necessary to better
explore the liver–skin axis to determine the interrelation-
ship between alcohol consumption and skin disorders.
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