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Abstract

We recently reported that the maturation of whisky prolongs the exposure of the body to a given dose of alcohol by reducing the
rate of alcohol metabolism and thus lowers the blood acetaldehyde level (Alcohol Clin Exp Res. 2007;31:77s-82s). In this study,
administration of the nonvolatile fraction of whisky was found to lower the concentration of acetaldehyde in the blood of mice by
depressing alcohol metabolism through the inhibition of liver alcohol dehydrogenase (ADH). Four of the 12 phenolic compounds
detected in the nonvolatile fraction (caffeic acid, vanillin, syringaldehyde, ellagic acid), the amounts of which increase during the
maturation of whisky, were found to strongly inhibit mouse ADH 1 (class I). Their inhibition constant values for ADH 1 were 0.08,
7.9, 15.6, and 22.0 μmol/L, respectively, whereas that for pyrazole, a well-known ADH inhibitor, was 5.1 μmol/L. The 2 phenolic
aldehydes and ellagic acid exhibited a mixed type of inhibition, whereas caffeic acid showed the competitive type. When individually
administered to mice together with ethanol, each of these phytophenols depressed the elimination of ethanol, thereby lowering the
acetaldehyde concentration of blood. Thus, it was demonstrated that the enhanced inhibition of liver ADH 1 due to the increased
amounts of these phytophenols in mature whisky caused the depression of alcohol metabolism and a consequent lowering of blood
acetaldehyde level. These substances are commonly found in various food plants and act as antioxidants and/or anticarcinogens.
Therefore, the intake of foods rich in them together with alcohol may not only diminish the metabolic toxicity of alcohol by reducing
both the blood acetaldehyde level and oxidative stress, but also help limit the amount of alcohol a person drinks by depressing
alcohol metabolism.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Alcohol metabolism produces a reactive intermediate of
acetaldehyde, which plays a major role in the metabolic
toxicity of alcohol. Because this substance is highly
pharmacoactive, it produces a strong, unpleasant aversive
reaction; and because it is also cytotoxic, it induces various
chronic organ diseases and cancers [1]. The blood acet-
aldehyde level after drinking is regulated by the activities of
both alcohol dehydrogenase (ADH) and aldehyde dehydro-
genase (ALDH) in the liver [2]: the former oxidizes ethanol
to acetaldehyde, and the latter oxidizes acetaldehyde to
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acetate. Both these alcohol-metabolizing enzymes exhibit
genetic polymorphisms, which are different in their activities
[3,4]. Individuals who possess an inactive ALDH coded by a
mutant ALDH2⁎2 allele rather than a normal ALDH enzyme
coded by an ALDH2⁎1 allele exhibit higher blood
acetaldehyde levels during drinking [3] and are more
susceptible to various organ diseases caused by chronic
drinking [5,6]. Similarly, individuals who possess high-
activity ADHs coded by ADH1B⁎2 or 3 alleles rather than a
low-activity ADH coded by an ADH1B⁎1 allele also exhibit
an upward tendency of blood acetaldehyde levels [7] and
greater susceptibility to such diseases [8]. Thus, for a person
who drinks daily, it is important that the blood acetaldehyde
level be kept low to prevent alcohol-related organ diseases.

The intake of certain foods affecting the activities of these
alcohol-metabolizing enzymes might control the blood
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acetaldehyde level during drinking. Several constituents of
food have been reported to accelerate the rate of alcohol
metabolism, such as fructose [9] and corn peptide [10]. A
meal itself accelerates the elimination rate of ethanol,
probably by increasing hepatic blood flow and/or the activity
of alcohol-metabolizing enzymes [11,12]. However, the
acceleration of alcohol metabolism by the intake of food
usually raises the blood acetaldehyde level [10,13]. If certain
food constituents that activate mammalian ALDH [14] were
also taken, the blood acetaldehyde level would become
lower. However, a higher ALDH activity easily leads to
overdrinking and a susceptibility to alcoholism, as demon-
strated in those homozygous for the ALDH2⁎1 allele [15].
On the other hand, the intake of compounds that inhibit
mammalian ADH might also lower the blood acetaldehyde
level by depressing alcohol metabolism and result in a lesser
likelihood of overdrinking. Unfortunately, hardly any such
ADH-inhibitory compounds have been detected in food,
although various chemical reagents have been shown to
inhibit liver ADH [16,17].

We recently found that the maturation of whisky prolongs
the exposure of the body to a given dose of alcohol by
reducing the rate of alcohol metabolism and thus reduces the
blood acetaldehyde level. This suggests that the amounts of
some ADH-inhibitory constituents increase during the
maturation process [18]. In this study, we identified and
characterized the phytochemicals in whisky that can depress
alcohol metabolism through the inhibition of ADH and thus
lower the blood acetaldehyde level.
2. Materials and methods

2.1. Analyses of nonvolatile constituents of whisky

All the whisky samples were single-malt whiskies
obtained from Nikka Whisky Distilling (Kashiwa, Japan).
They had been stored in oak casks for 0, 5, 10, 15, 16, or
20 years (0- to ~20-year whiskies); and they contained 63.9,
62.8, 61.6, 60.5, 58.0, or 57.4 vol/vol% of ethanol,
respectively. The 16-year whisky was concentrated about
10 times by evaporation at 50°C for 30 minutes to extract the
nonvolatile fraction (NVF). To analyze the nonvolatile
constituents of whisky, each whisky sample (5 μL) was
analyzed with a high-performance liquid chromatography
(HPLC) (Hitachi L-6000, Hitachi, Tokyo, Japan) equipped
with an Inertsil pH column (4.6 × 150 mm, GL Science,
Tokyo, Japan) equilibrated with 0.1 mol/L phosphate buffer
(pH 7.4), ECD-100 (Eicom, Kyoto, Japan), an AS-200 auto
sampler (Hitachi), and a D-2500 integrator (Hitachi). Before
the NVF was analyzed, it was diluted by a factor of 10 with
an aqueous solution of 60% (vol/vol) ethanol.

2.2. Administration of ethanol to mice

Male ddY mice (9 weeks old) were injected intraper-
itoneally with 20% (wt/vol) ethanol/saline solution contain-
ing the NVF or a pure sample of each compound detected in
the NVF. The ethanol dose was 3 g/kg body weight. The
concentration of NVF in the ethanol solution was 10% or
20%, which corresponds to a dose of 1.5 or 3.0 mL NVF per
kilogram body weight, respectively. The concentration of
ethanol in the solution was kept at 20%. As the pure
compounds, special- or biochemical-grade chemicals were
obtained from a commercial source (Wako Pure Chemical,
Osaka, Japan). Each pure compound was dissolved in a 20%
ethanol solution and administered to mice at a dose of
1.5 mmol/kg. However, the actual dose was less than that
because the compounds did not completely dissolve in the
ethanol solution. The effect of the NVF or of each compound
on alcohol metabolism was investigated by comparison with
a control group (mice to which only 20% ethanol/saline
solution was administered).

Blood samples (10 μL) were taken from the tail vein of
each mouse at 0.5, 1, 2, 3, 4, and 5 hours after ethanol
administration; and the concentration of blood ethanol was
measured with a headspace gas chromatograph as pre-
viously reported [18]. The rate of ethanol elimination (in
millimoles per kilogram per hour) was calculated by
dividing the ethanol dose (3 g/kg) by the duration of
alcohol metabolism, which was obtained from the x-
intercept of a regression line fitted by the linear least
squares method to the blood alcohol concentrations from 1
to 4 hours after ethanol administration [19]. The blood
acetaldehyde level was measured by the perchloric acid
(PCA)/thiourea method [20] as previously reported [18].

The mice were cared for in accordance with The
Regulations of Animal Experimentation of Nippon Medical
School, which are based on The Guidelines of the
International Committee on Laboratory Animals, 1974.

2.3. In vitro analyses of ADH

Mouse liver extract and purified ADH 1 (class I) were
prepared as previously reported [21]. The enzyme samples
were divided into small aliquots and stored at −80°C until
assay. All procedures for enzyme preparation were
performed at 4°C. The ADH activity was assayed with
ethanol as a substrate at 37°C in 0.1 mol/L Na-K phosphate
buffer (pH 7.4) containing 1.7 mmol/L nicotinamide
adenine dinucleotide (NAD) by measuring the rate of
reduced NAD (NADH) production using a fluorescence
spectrophotometer (excitation at λ = 350 nm, emission at
λ = 466 nm; FP-770F, Japan Spectroscopic, Tokyo, Japan)
[22]. The effects of the NVF and each compound detected in
it on ADH activity were investigated after the incubation of
ADH with the NVF or a pure sample of each compound in a
reaction mixture for 5 minutes. One unit of ADH activity was
defined to be the production of 1.0 μmol NADH per minute.

2.4. Statistics

Measurements of blood ethanol were compared by a 2-
way analysis of variance (ANOVA) for the experimental
mouse groups and times using the standard statistics



Fig. 1. Effect of NVF of whisky on concentration of (A) blood alcohol and
(B) acetaldehyde in mice after ethanol administration. The NVF, which is a
10-times concentrate of mature whisky by evaporation, was added to a 20%
ethanol solution. Mice were injected with an ethanol solution containing the
NVF at an ethanol dose of 3.0 g/kg. The dose ofNVFwas 0, 1.5, or 3.0mL/kg
(“Materials and methods”). The concentrations of blood ethanol (n = 5) and
acetaldehyde (n = 4) are expressed asmean ± SD. A, Ethanol in tail bloodwas
periodically measured with a headspace gas chromatograph after adminis-
tration of the NVF in an ethanol solution at a dose of 0 (○), 1.5 (⊕), or
3.0 mL/kg (●). P b .0001 for 0 vs 1.5 mL/kg and for 1.5 vs 3.0 mL/kg by
ANOVA. B, The acetaldehyde level of heart blood was measured 1 hour after
the administration of an ethanol solution containing the NVF. P b .05 by
ANOVA for dose of the NVF.

Fig. 3. Change in concentrations of phytophenols in whisky during
maturation. The amounts of the nonvolatile constituents of single-malt
whisky were measured by HPLC (“Materials and methods”). EA, ellagic
acid; SY, syringaldehyde; VN, vanillin; GA, gallic acid; SA, syringic acid;
VA, vanillic acid; CO, coniferyl alcohol; CA, caffeic acid.
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software Stat View, version 4.5 (Abacus Concepts,
Berkley, CA). Measurements of blood acetaldehyde were
compared by a 1-way ANOVA for the mouse groups
(Fig. 1B) or compared between the control and phytophe-
nol groups by Student t test (Fig. 8). Determinations of the
elimination rates of blood ethanol were compared by
Fisher protected least significant difference (PLSD).
Fig. 2. Effect of NVF of whisky on liver ADH activity. The ADH activity of
mouse liver extract was measured with 15 mmol/L ethanol as a substrate
after incubation with NAD and various amounts of the NVF in the reaction
medium for 5 minutes (“Materials and methods”). Data are expressed as
mean ± SE from triplicate reactions.
Results were considered statistically significant when P
was less than .05.
3. Results

3.1. Effects of NVF of whisky on alcohol metabolism and
liver ADH activity

As shown in Fig. 1A, the NVF increased the concentration
of blood ethanol in a dose-dependent manner (P b .0001 for
control [0 mL/kg] vs 1.5-mL/kg groups and for 1.5-mL/kg vs
Table 1
Constituents of NVF of mature whisky

(μg/mL) (μmol/L)

Ellagic acid 263.1 777.9
Syringaldehyde 184.6 1013.3
β-Phenethyl-alcohol 145.5
Syringic acid 135.2
(ethyl laurate) 124.4
Gallic acid 112.8
Vanillin 103.7 681.6
(ethyl palmitate) 75.6
Vanillic acid 65.4
(ethyl caprate) 49.9
Scopoletin 28.2
Coniferyl alcohol 25.4
(ethyl palmitolate) 22.4
Caffeic acid 21.1 117.1
Others 31.1

A 16-year-old single-malt whisky was concentrated 10 times by evaporation
to obtain the NVF.



Fig. 4. Effect of phytophenols on liver ADH activity. The ADH activity of
mouse liver extract was measured as in Fig. 2 in the presence of various
amounts of each phytophenol, which was obtained from a commercial
source. GA, gallic acid; SA, syringic acid; VA, vanillic acid; CA, caffeic
acid; SY, syringaldehyde; EA, ellagic acid; VN, vanillin.

Fig. 6. Chemical structures of 4 phytophenols that inhibit ADH 1.
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3.0-mL/kg groups by ANOVA) when administered to mice
together with ethanol at a dose of 3.0 g/kg. The NVF also
reduced the elimination rate of blood ethanol (in millimoles
Fig. 5. Kinetic analyses of phytophenol inhibition of mouse ADH 1. Purified
ADH 1 (class I) from mouse liver was preincubated with NAD and various
concentrations of each phytophenol for 5 minutes in the reaction medium
before the addition of the substrate at various concentrations. A, Caffeic acid,
(B) vanillin, (C) ellagic acid, (D) syringaldehyde. The Lineweaver-Burk plot
was obtained in the absence (○) and presence of 9.0 (⊕) or 45.0 (●) μmol/L
of each phytophenol. Data are expressed as mean ± SE from triplicate
reactions. The regression line was fitted by the linear least squares method.
per kilogram per hour) in a dose-dependent manner: 13.80 ±
1.05, 11.91 ± 0.99, and 9.31 ± 0.95mmol/kg/h for the control,
1.5-mL/kg, and 3.0-mL/kg groups, respectively (P b .05 for
Fig. 7. Effect of phytophenols on alcohol metabolism in mice. Mice (n = 4)
were injected with a 20% ethanol solution containing each phytophenol at an
ethanol dose of 3.0 g/kg. The elimination rate of blood ethanol was calculated
from the concentration of blood ethanol from 1 to 4 hours after administration
(“Materials and methods”). The phytophenols had doses of less than 1.5
mmol/kg because they did not dissolve completely in 20% ethanol. Co,
control; VN, vanillin; SY, syringaldehyde; EA, ellagic acid; CA, caffeic acid.
⁎, ⁎⁎, and ⁎⁎⁎ mean P b 01, .0005, and .0001, respectively, by PLSD.
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control vs 1.5-mL/kg groups and for 1.5-mL/kg vs 3.0-mL/kg
groups by PLSD).

Fig. 1B shows that administration of the NVF reduced the
blood acetaldehyde level 1 hour after ethanol administration
in a dose-dependent manner (P b .05 by ANOVA).

In vitro, when the NVF was added to the reaction
medium, it strongly inhibited the liver ADH activity of the
extract in a concentration-dependent manner (Fig. 2).

3.2. Nonvolatile constituents of whisky

The HPLC analyses revealed the nonvolatile constituents
of whisky to be as follows (in order of amount): ellagic acid,
syringaldehyde, vanillin, gallic acid, syringic acid, vanillic
acid, coniferyl alcohol, caffeic acid, and other compounds.
The amounts of these phytophenols increase with the age of
whisky (Fig. 3) extracted from oak casks. The NVF of 16-
year whisky contained all these phenolic compounds and
also several fatty acid esters (Table 1).

3.3. Effects of phytophenols on liver ADH activity

Among the phytophenols detected in the NVF, vanillin,
syringaldehyde, ellagic acid, and caffeic acid were found to
strongly inhibit liver ADH activity in a concentration-
dependent manner (10~230 μmol/L) when each of them was
added to the reaction medium. Vanillin and syringaldehyde
are phenolic aldehydes, whereas ellagic acid and caffeic acid
are phenolic acids. However, phenolic acids with a
Fig. 8. Effect of phytophenols on blood acetaldehyde after ethanol
administration. The acetaldehyde level of heart blood was measured 1
hour after the administration of an ethanol solution containing each
phytophenol, as in Fig. 7. Co, control (n = 16); VN, vanillin (n = 4); SY,
syringaldehyde (n = 4); EA, ellagic acid (n = 4); CA, caffeic acid (n = 4);
PHE, 4 phytophenolic groups (n = 16). ⁎ and ⁎⁎ mean P b 05 and 0.01,
respectively, by t test.
carboxylic acid group (vanillic acid, syringic acid, gallic
acid, etc) were found to have a weaker inhibitory effect on
ADH (Fig. 4).

The concentrations of these ADH-inhibitory phytophe-
nols in the ADH reaction medium containing approximately
0.22% to 1.74% NVF (Fig. 2) can be calculated from
Table 1: ellagic acid, 1.7 to 13.5 μmol/L; syringaldehyde,
2.2 to 17.6 μmol/L; vanillin, 1.5 to 11.9 μmol/L; and caffeic
acid, 0.3 to 2.0 μmol/L.

The inhibitory effects of these phenolic aldehydes and
acids on the enzyme kinetics of ADH were investigated
using purified mouse ADH 1, a key enzyme in alcohol
metabolism. As shown in Fig. 5, mouse ADH 1 was
inhibited in a competitive manner by caffeic acid, but in a
mixed-type manner by ellagic acid, vanillin, and syringalde-
hyde. The ADH 1 inhibition constants (KIs) were 0.08, 7.9,
15.6, and 22.0 μmol/L for caffeic acid, vanillin, syringalde-
hyde, and ellagic acid, respectively. For reference, the KIs for
the well-known ADH inhibitors pyrazole and capronamide
were 5.1 and 29.0 μmol/L, respectively. The chemical
structures of the 4 phytophenols are shown in Fig. 6.

3.4. Effects of phytophenols on alcohol metabolism

All of these phytophenolic aldehydes and acids signi-
ficantly reduced the elimination rate of blood ethanol when
they were administered to mice together with a 20% ethanol
solution at an ethanol dose of 3.0 g/kg (Fig. 7). The blood
acetaldehyde level 1 hour after ethanol administration was
significantly lower for the caffeic acid group (P b .01) and the
syringaldehyde group (P b .05) than for the control group.
The vanillin and ellagic acid groups also exhibited lower
blood acetaldehyde levels than the control group, although
the differences were not statistically significant. The average
level for the 4 phenolic groups was also significantly lower
than that for the control group (P b .02) (Fig. 8).
4. Discussion

We recently reported that, the longer whisky matures, the
more effective it is in suppressing the elimination of blood
ethanol and thus reducing the blood acetaldehyde level [18].
In this study, we found that the NVF of a single-malt whisky
inhibited liver ADH in mice, thereby reducing the elimina-
tion rate of blood ethanol and lowering the blood
acetaldehyde level (Figs. 1 and 2). Among the constituents
of NVF, some phytophenols (vanillin, syringaldehyde,
caffeic acid, ellagic acid) were found to strongly inhibit the
activity of mouse ADH 1 (Figs. 4 and 5). Their amounts
increase as whisky matures (Fig. 3). When they were
administered to mice together with ethanol, all of them
reduced the elimination rate of blood ethanol, which resulted
in a lower blood acetaldehyde level (Figs. 7 and 8).

The levels of blood acetaldehyde in the cases of pure
phytophenols, however, were not exactly relative to the
elimination rates of blood ethanol (Figs. 7 and 8), differing
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from those in the cases of NVF (Figs. 1A and B). These
phytophenols might have some inhibitory effect on ALDH
and not only on ADH because they have aldehyde or
carboxylic acid group. Moreover, phenolic polymers
increasing with aging in whisky might have some effects
on alcohol and/or acetaldehyde metabolism. These expecta-
tions will be elucidated in the near future.

In any case, it has been demonstrated that a depression of
ethanol elimination resulting in a lower level of blood
acetaldehyde, which has been observed by the maturation of
whisky [18], is caused by the enhanced inhibition of liver
ADH 1 due to the greater amounts of these phytophenols in
mature whisky. These results suggest that these phytophe-
nols reduce the aversive reaction and cytotoxicity due to
acetaldehyde after the drinking of whisky. Furthermore, they
may prolong drunkenness and limit how much a person
drinks to some extent by depressing alcohol metabolism.
These effects could be related to the reduced likelihood of
unpleasant aftereffects when mature whisky is drunk [18],
which we empirically know to be true from the experience of
those who drink such beverages.

The lower concentration of blood acetaldehyde usually
increases the likelihood of overdrinking, as known in
individuals with ALDH2⁎1/1 [1], because of reductions in
aversive reactions due to acetaldehyde during drinking.
However, the lower level of blood acetaldehyde when
drinking mature whisky may not increase the likelihood of
overdrinking because the alcohol metabolism of mature
whisky is depressed and, thereby, the drunkenness is
prolonged.

Previous studies have reported that liver ADH is inhibited
by various kinds of chemical reagents [16,17]. Zinc-chelating
reagents (pyrazoles, imidazoles, o-phenanthroline) are well-
known ADH inhibitors that bind in the pocket and compete
with the substrate. Fluorescent aromatic cations (auramine o,
tricyclic psychopharmaca, etc) are also substrate-competitive
inhibitors of liver ADHs. Another type of aromatic
compound with a negative charge in its ring system
(anilinonaphthalene sulfonate, rose bengal, etc) inhibits
ADH activity by binding to the coenzyme binding site. In
this study, we found ADH inhibitors in food constituents.
Among them, vanillin, syringaldehyde, and ellagic acid
showed a mixed type of inhibition against mouse ADH 1
(Fig. 5) and exhibited smaller KIs than that of capronamide, a
well-known mixed-type inhibitor of mammalian ADH
(“Results”) [16]. In addition, the KI of syringaldehyde was
larger than that of vanillin (“Results”), suggesting that the
methoxy group at the m-position of phenolic aldehydes may
interfere with ADH inhibition. Because neither vanillic nor
syringic acid was found to be effective in inhibiting ADH 1, it
seems that the 2 phenolic aldehydes, vanillin and syringalde-
hyde, inhibit ADH by binding to the substrate binding site on
the enzyme with their aldehyde groups. Gallic acid, which
has 2 hydroxy groups at the m-positions instead of the 2
methoxy groups in syringic acid, was also found to be less
inhibitory (Fig. 4). However, ellagic acid, a dimer of gallic
acid, strongly inhibited ADH 1 (Figs. 4 and 5). This
inhibitory effect is probably due to its chelating ability [23].
As mentioned before, pyrazoles and o-phenanthroline are
also well-known zinc-chelating ADH inhibitors.

Caffeic acid, a hydroxycinnamic acid, was found to inhibit
ADH 1 in a competitive manner and had the smallest KI

(0.08 μmol/L) among the 4 phytophenols (“Results”). Its KI

was smaller than that of pyrazole, a well-known competitive
inhibitor of mammalian ADHs (“Results”) [17]. Unlike other
phenolic acids with a carboxylic acid group, the potent
competitive inhibition of caffeic acid is probably due to its
propenoic acid group because ADH 1 exhibits a very low Km
of 0.7 μmol/L for hydroxycinnamic alcohol as a substrate,
which has a propenyl alcohol group [24]. Thus, our inhibition
studies demonstrate that these phytophenolic aldehydes and
acids in whisky are potent inhibitors of mouse ADH 1. It has
already been reported that caffeic acid inhibits lipooxygen-
ase, whereas ellagic acid inhibits aldose reductase, xanthine
oxidase, and angiotensin-converting enzyme [25].

These phytophenols are found in various plant foods and
in alcoholic beverages stored in wooden casks and have an
antioxidative effect and an inhibitory effect on carcinogenesis
[26]. Vanillin is present in vanilla beans and soy sauce;
syringaldehyde is present in walnuts; caffeic acid is present in
coffee beans, soy beans, cereals, walnuts, and some fruits; and
ellagic acid is present in some fruits (red raspberries,
strawberries, grapes pomegranates) and in certain nuts. The
intake of foods rich in these phytophenols together with
alcohol may diminish the metabolic toxicity of alcohol due to
acetaldehyde and oxidative stress and help reduce the
likelihood of overdrinking by depressing alcoholmetabolism.
5. Conclusions

The phytophenols (such as vanillin, syringaldehyde,
caffeic acid, ellagic acid) detected in whisky strongly
inhibited liver ADH 1, thus lowering the blood acetaldehyde
level by depressing ethanol elimination. Therefore, the intake
of these phytophenols together with alcohol could have a
preventive effect on alcohol-related diseases by diminishing
the metabolic toxicity of alcohol due to acetaldehyde and
oxidative stress and by reducing the likelihood of over-
drinking through the depression of alcohol metabolism.
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