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Putative Role of Brain Acetaldehyde in Ethanol Addiction
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Abstract: The putative contribution of brain acetaldehyde (AcH) to ethanol (EtOH) tolerance and dependence (addiction)
is reviewed. Although the role of AcH in EtOH addiction has been controversial, there are data showing a relationship.
AcH can be formed in the brain tissues through the peroxidatic activity of catalase and by oxidation via other oxidizing
enzymes such as cytochrome P-4502E1. Significant formation of AcH occurs in vitro in brain tissue at concentrations of
EtOH that can be achieved by voluntary consumption of EtOH by rodents. AcH itself possesses reinforcing properties,
which suggests that some of the behavioral pharmacological effects attributed to EtOH may be a result of the formation of
AcH, and supports the involvement of AcH in EtOH addiction. Modulation of aldehyde dehydrogenase (ALDH) and brain
catalase activity can change EtOH-related addictive behaviors presumably by changing AcH levels. Moreover, some con-
densation reaction products of AcH may promote some actions of EtOH and its consumption. On the basis of the findings,
it can be concluded that AcH may mediate some of the CNS actions of EtOH including tolerance and dependence, al-
though further exploration the involvement of AcH in EtOH addiction is warranted.
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INTRODUCTION

There are several problems associated with any study of
acetaldehyde (AcH) physiological or biochemical effects in
animals. The first is quantitative measures of blood and es-
pecially brain AcH. Jamal [1] has provided a technique to
detect AcH in living animals by brain micro-dialysis in vivo.
However, detection of AcH has been limited to the situation
when the metabolism of AcH has been inhibited by cyana-
mide, an aldehyde dehydrogenase (ALDH) inhibitor. The
second problem is the rapid removal of administered AcH by
reduction to ethanol (EtOH) by alcohol dehydrogenase
(ADH) in the liver and the rapid oxidation by ALDH2 in
liver and brain. Thus, chronic treatment of animals with AcH
administered peripherally is difficult and compromised by its
rapid conversion to EtOH and acetate.

There are some possible ways around these problems.
Close investigation of the rates and extent of tolerance and
dependence in human subjects with inactive ALDH2 is one
such technique. ALDH2 is responsible for converting EtOH
to AcH. In individuals with inactive ALDH2, there is a
higher AcH level in blood after EtOH exposure. While the
individuals that are heterozygous for this polymorphism, do
not drink as much as individuals with active ALDH2 [2, 3], a
close study of their chronic reactions would be a fruitful en-
deavor. Homozygous individuals are rare and consume little
if any alcohol. The second possible way to study this issue
would be a study of chronic tolerance and dependence on
EtOH in knockout mice (Aldh2-/- mice) [4-7].

There is now ample evidence that anytime EtOH is pre-
sent in the brain, AcH is formed in situ [8-12]. There is also
extensive indirect evidence that AcH is responsible for a
portion of the acute CNS effects of EtOH [reviewed in 13-
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16, 17]. The issue addressed in this review is whether or not
AcH may also play a role in tolerance and dependence of
EtOH, hallmarks of "addiction".

BRAIN ACETALDEHYDE PRODUCTION

Given that a significant amount of AcH is locally gene-
rated in the brain, there must be subsequent behavioral ac-
tions. Studies have shown that both astrocytes in culture and
rat brain homogenates are able to produce such significant
concentrations of AcH from EtOH [11, 17-20]. But ADH,
the major EtOH oxidizing enzyme in liver, seems not
physiologically active in the brain [10]. What pathways are
responsible for the production of AcH is the focus of re-
search. Indeed, there was evidence that catalase could oxi-
dize brain EtOH to AcH in vivo after alcohol consumption
[18]. By using catalase inhibitors or inducers, further studies
demonstrated that AcH formation can be modified after
EtOH addition [9, 20-25]. Lower levels of AcH were also
found in catalase deficient (acatalasemic) mice when brain
homogenates were incubated with EtOH, compared to those
of normal mice [24, 25].

A recent study also demonstrated AcH formation from
EtOH in the striatum of free-moving rats using brain mic-
rodialysis [26]. Catalase inhibition decreased AcH level
when the accumulation of AcH was facilitated by pre-
treating rats with an ALDH inhibitor. However it was also
found that ADH inhibition decreased brain AcH concentra-
tion in the same study. This is contrary to what would be
expected since it implies that AcH was entering the brain
normally from the blood since ADH is not active in brain.
However after ADH inhibition, blood AcH levels were de-
creased and entrance into the brain was very low. One expla-
nation for this finding is that the dogma that AcH does not
cross the blood brain barrier when blood AcH levels are low,
is incorrect.
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Brain catalase expression was studied by immunohisto-
chemistry [27, 28], which has shown that catalase is loca-
lized in the body of catecholaminergic neurons of the fore-
brain and brain stem. Brain catalase staining was weak com-
pared to that of staining in liver. The area of catalase staining
was limited in contrast to ALDH staining, which is widely
distributed in brain structures. However, AcH still could be
generated locally in pharmacologically significant amounts.

In addition to catalase system, cytochrome P450 2E1
(CYP2E1) pathway might be involved in EtOH metabolism
and AcH production within the brain. Different approaches
were used to investigate the enzymatic mechanisms of EtOH
oxidation in the brain homogenates of rats and mice [25].
CYP2EL inhibitors significantly lowered the accumulation of
the EtOH-derived AcH and acetate in brain homogenates.
Inhibitors of ADH only significantly decreased acetate but
not AcH accumulation. To explain this result, if one assumes
that ADH is inactive in brain, is to postulate that the inhibitor
used, 4-methylpyrazole, has an inhibitory effect on ALDH,
or that it stimulates the removal of acetate.

EtOH-derived AcH accumulation in brain homogenates
was further confirmed in a study utilizing CYP2EL(-/-)
knockout mice, acatalasemic (catalase deficient) mice and
double mutants (CYP2EL knockout and acatalasemic) mice
[25]. The CYP 2E1 mice had 91% of control AcH accumula-
tion, acatalasemic mice had 47% of control but double mu-
tants had 24% of control. One explanation of this synergistic
effect of the double mutant is that CYP2E1 serves to gene-
rate hydrogen peroxide, the rate limiting factor in the me-
tabolism of EtOH to AcH by catalase [25]. Subcellular frac-
tions of brain homogenates were also investigated. It was
found that the highest levels of EtOH oxidation were in mi-
crosomal and peroxisomal fractions, where CYP2EL1 and
catalase are located, respectively. It was also found that
CYP2EL (-/-) mice had an 11% increased sleep time due to
EtOH, the acatalasemic mice had increased sleep time by
65% but in the double mutant the increase was 75%, or
nearly exactly an additive effect. These data indicate that a
presumed lower production of AcH in the brain leads to in-
creased, rather than decreased sleep time as would be ex-
pected if AcH contributed to the sleep time effect of EtOH
[29].

CYP2EL is expressed in the neuronal cells in rat and hu-
man brain [30-32] though its MRNA and protein expression
in rat brain was lower than that of liver [32]. It was seen in
neurons within the cerebral cortex, Purkinje and granule cell
layers of cerebellum, granule cell layer of dentate gyrus, and
pyramidal neurons of CAl, CA2, and CA3 subfields of hip-
pocampus. Like CYP2EL in liver, brain CYP2EL can also be
induced by chronic EtOH treatments [33, 34]. Therefore, it
can be postulated that there might be more AcH accumula-
tion in alcoholics, which leads to its addiction and severe
brain degeneration.

Hence, it can be concluded that in rodent brain AcH oxi-
dation is mostly from catalase. CYP2EL also plays an impor-
tant role in EtOH oxidation, perhaps by furnishing hydrogen
peroxide. However, not all brain AcH is from those two
processes (Fig. 1). There must be an additional, still uniden-
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tified, pathway that contributes to brain AcH production [11,
25] (Fig. 1).

EFFECT OF AcH RELATED TO ADDICTION

Alcohol abuse and alcoholism have been severe social
problems since alcohol was discovered. Great efforts have
been made to prevent and treat those in the high risk group.
However, it is complicated by the fact that not only EtOH
itself but also AcH, the major metabolite of EtOH, could
play a key role in alcohol abuse. However, it is difficult to
clearly distinguish between the behaviors actions of alcohol
which are attributed to EtOH in contrast to those due to AcH.
This hinders the further research and the subsequent preven-
tion and treatment of alcohol abuse and alcoholism. Indeed,
studies have suggested that AcH mediates some of the be-
havioral effects of EtOH [reviewed in 15], such as narcosis
[35], aversion [36], conditioned place preference [37], loco-
motor effect [38], and reinforcement [39]. These reinforcing
properties increased EtOH consumption that leads to addic-
tion though it remains extremely controversial.

catalase
EtOH s e AcH Acetate

Fig. (1). Schematic representation of ethanol (EtOH) metabolism in
brain.

A great deal of the evidence for the role of AcH in the
tolerance and dependence on EtOH relies on indirect ap-
proaches. Thus the administration of ALDH inhibitors or use
of mutants deficient in ALDH2 and pretreatment with cata-
lase inhibitors or catalase deficient mice have all been used
(Table 1). The results interpreted as to the presumed effects
on AcH levels in the periphery or brain.

Tablel. The Acetaldehyde (AcH) Role in Ethanol (EtOH)
Addiction
Approaches EtOH Consumption Reinforcement  Ref.
increased [48,49]
inhibition decreased [44-47]
Catalase
deficient increased [24]
inhibition decreased [15]
ALDH2
knockout decreased [4]
human mutant no difference [41]
AcH Self-administration yes [50-53]

EtOH administration to rodents or humans after treatment
with ALDH inhibitors leads to elevated blood AcH concen-
trations. This is the basis for treating alcoholics with disul-
firam. Higher blood AcH is generally concluded to be aver-
sive and deters voluntary EtOH consumption [15]. Although
some people who were treated with disulfiram experienced
AcH accumulation as pleasurable [40] and some ALDH2
heterozygous alcoholics have more positive psychological
expectancies of alcohol drinking than ALDH2 deficient
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homozygous alcoholics [41], there was no difference for
alcohol craving and consumption among alcoholics with
diffe-rent ALDH genotypes [41]. Instead, most people avoid
EtOH consumption following ALDH inhibition. This is also
seen in ALDH2 knockout mice [4]. EtOH preference was
diminished by two thirds in a free drinking test though AcH
concentration was not different in liver and brain between
ALDH2 knockout and normal mice [42]. In the same study,
AcH in brain could be increased after a high dose of EtOH in
ALDH2 knockout mice but an EtOH consumption test was
not performed [42]. It could be assumed that it is brain AcH
level that determines AcH effects. At low concentrations,
AcH might exert reinforcing effects, whereas at higher con-
centrations AcH would be predominantly aversive. This is
also the case in UChA (low ethanol drinker) and UChB (high
ethanol drinker) rats; the former has lower brain ALDH2 and
subsequent higher AcH levels in contrast to the later. Indeed
AcH induced an enhancement of EtOH intake in UChB rats,
but not in UChA rats [43].

Another approach to interfering with brain AcH produc-
tion and EtOH consumption is to manipulate catalase activ-
ity. On one hand, there is a positive correction between brain
catalase activity and the natural propensity to drink EtOH in
rodents [44-46], which was interpreted in the inverse in that
lower brain catalase activity, would be associated with less
EtOH consumption. In the same way, UChA and UChB rats
showed attenuated acute tolerance to motor impairment and
reduced voluntary EtOH consumption when pretreated with
a catalase inhibitor [47]. On the other hand, a negative corre-
lation between these measures was obtained in normal mice
[48, 49] as well as in catalase deficient mice [24]. It seems
that lower catalase activity, and thus lower brain AcH, is
correlated with higher EtOH craving.

The reinforcing effect of AcH was observed in a tobacco
animal study model. AcH, interacting with nicotine, en-
hanced the consumption in the self-administration acquisi-
tion whereas nicotine alone is only weakly reinforcing.
These actions are more obvious in adolescent animals than in
adults [50].

It could be concluded that altering EtOH metabolizing
enzymes is not a useful strategy to induce AcH reinforcing
effects. The difficulty is that when brain AcH is elevated,
blood AcH is increased even much more. The conventional
wisdom is that AcH has aversive effects in the periphery but
reinforcing effects in the brain [15]. Thus to demonstrate a
reinforcing effect of AcH by giving it peripherally, is a diffi-
cult task. To obviate this problem, investigators have given
AcH intracerebroventricular (ICV) or directly into brain ar-
eas (reviewed by Quertemont) [15]. In the relatively few
studies where AcH was given directly into the brain, it was
found that there was stimulation of locomotor effects as op-
posed to depression when given intraperitoneally (IP). There
was no conditioned taste aversion when given ICV as op-
posed to development of conditioned taste aversion when
given IP in most cases. But in self administration and place
conditioning studies, regardless of how it was administered,
AcH induced reinforcing effects. For example, AcH volun-
tary self-administration is much easier to establish than that
of EtOH [51] when AcH was given intravenously (IV),
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which is conflicting with commonly accepted view that
blood AcH accumulation is highly aversive. More recently,
the effect of D-penicillamine, a trapping agent for AcH, on
the voluntary consumption of EtOH was assessed in rats
[52]. Voluntary EtOH consumption was decreased after infu-
sions of D-penicillamine. It seems that the presumed central
sequestration of AcH blocks EtOH intake, which demon-
strate further the role of AcH on the motivational properties
of EtOH. In addition, AcH was similarly shown to be a 1,000
more potent reinforcer than EtOH when rats are trained to
self-administer AcH and EtOH into the ventral tegmental
area (VTA), a brain region strongly involved in EtOH rein-
forcing effects [53].

Several investigators have also administered AcH by
inhalation [54-57] although this would cause irritation and
still result in AcH which has to cross the blood brain barrier
to reach neurons.

MECHANISM OF AcH’S CENTRAL EFFECTS

The exact mechanism underlie AcH’s behavioral effects
remain largely unknown. Even the mechanism of EtOH’s
behavioral actions are still debated although multiple mo-
lecular targets have been identified [58]. Nevertheless, there
have been significant advancements in understanding of
AcH’s central effects in recent years.

Researches suggest that most abused drugs, including
EtOH, stimulate the release of dopamine in several limbic
regions [59], a brain reward system. Therefore, the reinforc-
ing property of AcH may be mediated by increasing of do-
pamine in the system. Actually, the effect of AcH on the
electrophysiological properties of DA-containing neurons in
VTA of rats was investigated in vivo [60]. Similar to EtOH,
AcH itself increased the firing rate, spikes/burst, and burst
firing of VTA neurons. Furthermore, the stimulating actions
of EtOH on the electrophysiological activity of dopamine
VTA neurons were abolished when an ADH inhibitor was
used [60]. Those authors claimed that AcH might play a role
in the stimulation of the dopaminergic neuronal activity in-
duced by EtOH. However, this is difficult to reconcile with
what is known about the kinetics of AcH formation since
there is no active ADH capable of oxidizing EtOH to AcH in
brain [10]. Additionally, AcH could also be self-
administrated into posterior VAT [61]. Co-administration of
the D2 agonist quinpirole prevented the acquisition and ex-
tinguished the maintenance of EtOH self-infusion into the
posterior VTA [62], again suggesting that dopamine as well
as serotonin [53] is involved in AcH self-administration.
AcH, in addition to EtOH, was also reported to affect p-
endorphin secretion [63]. This may further modify central
dopamine release and therefore mediate AcH reinforcing
effects as application of the opioid receptor antagonist
naloxone and  buprenorphine reduced AcH self-
administration [64].

Being a very reactive compound, AcH easily reacts with
many other molecules by adduction, condensation and po-
lymerization. This subject has recently been reviewed by
Quertemont [15] and Marchitti [65]. AcH is able to react
with endogenous neurotransmitters and proteins to form tet-
rahydro-p-carboline (THBC) and tetrahydroisoquinolines
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(TIQ) alkaloids, respectively. Two of the TIQ's are 1-methyl-
6,7-dihydroxy-1,2,3,4-tetrahydroisoquionoline  (salsolinol)
and tetrahydropapaveroline, which were extensively studied.
Both were shown to be involved in EtOH voluntary con-
sumption [66-69], leading to development of addiction. Mul-
tiple neurochemical mechanisms were speculated to explain
the action [70], but a potentiation of the activity dopaminer-
gic neurons in mesolimbric rewarding system was proposed.

CONCLUSION

Direct and indirect evidence indicates that AcH plays a
role in EtOH tolerance, consumption, and reinforcement,
which eventually leads to addiction. The behavioral data is
plentiful, but not definitive and many interesting observa-
tions have been made. Should the role of AcH become de-
finitive, the treatment of alcoholics would need re-
examination, particularly the use of ALDH inhibitors would
take on an entirely different perspective.

Learning Objectives:

1. Understand that the metabolism of ethanol produces acetaldehyde
and that this molecule is much more toxic and potent in some sys-
tems, including the central nervous system.

2. Understand that acetaldehyde is very active, which is able to react
with proteins and other complex molecules to form toxic adducts.

3. Understand that the brain metabolizes ethanol differently than does
the liver and that alcohol dehydrogenase probably plays no role in
ethanol metabolism in the brain.

4. Understand that there is a large body of evidence that implicates
acetaldehyde in many of the actions of ethanol in the central ner-
vous system.

5. Understand that the evidence that acetaldehyde is involved in the
production of tolerance and dependence on ethanol is meager but
worthy of much further investigation.

Future Research Directions:

1. Utilize genetic polymorphisms in man and animals to investigate
the role of acetaldehyde in the actions of ethanol. The major poly-
morphism in man is the ALDH2 deficiency found in a large number
of Asian people. The genetic models in animals currently in use are:
(1). The acatalasemic mice, mice that have no catalase in the blood
and reduced levels of catalase in the brain. Studies on the acute ac-
tions of ethanol in these mice have been carried out but studies of
chronic administration of ethanol to these animals are few. (2). The
ALDH2 knockout mice. (3). Catalase knockout mice. (4). Catalase
overexpressing mice. (5). Other useful genetic models would be to
make these polymorphisms tissue specific that is, confined to brain
as a start.

2. Further detection in live animals of acetaldehyde concentrations in
specific brain regions with the microdialysis technique.

3. Investigate the metabolism of ethanol in the brain and quantitatively
define the roles of the various enzymes so as to account for the en-
tire metabolism of ethanol in the brain. Currently only about 50% is
accounted for by known pathways.

4. Define the sources of production of hydrogen peroxide in the brain,
the rate limiting step in the oxidation of ethanol by catalase in the
brain.
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