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After decades of uncertainties and drawbacks, the study on the role and significance of
acetaldehyde in the effects of ethanol seemed to have found its main paths. Accordingly,
the effects of acetaldehyde, after its systemic or central administration and as obtained
following ethanol metabolism, looked as they were extensively characterized. However,
almost 5 years after this research appeared at its highest momentum, the investigations
on this topic have been revitalized on at least three main directions: (1) the role and the
behavioral significance of acetaldehyde in different phases of ethanol self-administration
and in voluntary ethanol consumption; (2) the distinction, in the central effects of
ethanol, between those arising from its non-metabolized fraction and those attributable
to ethanol-derived acetaldehyde; and (3) the role of the acetaldehyde-dopamine
condensation product, salsolinol. The present review article aims at presenting and
discussing prospectively the most recent data accumulated following these three
research pathways on this never-ending story in order to offer the most up-to-date
synoptic critical view on such still unresolved and exciting topic.

Keywords: ethanol, acetaldehyde, salsolinol, ethanol metabolism, epigenetics, neuroinflammation, mesolimbic
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INTRODUCTION

The investigations on the role of acetaldehyde and ethanol metabolism in the central effects
of ethanol have been a long-standing issue of interest and controversy (McBride et al., 2002;
Quertemont et al., 2005; Correa et al., 2012). Thus, although numerous lines of research have
focused on the role of acetaldehyde in different aspects of ethanol effects, the role of its main
metabolite in the biological basis of its effects and, in particular, of its reinforcing properties, are
still not fully understood. Accordingly, contrasting theories have arisen suggesting, on one hand,
that ethanol is a molecule responsible of the reinforcing properties of alcoholic drinks and, on
the other hand, that ethanol acts as pro-drug and hence owns most of its central effects to other
compounds generated, directly or indirectly, from its metabolism. Followers of the first view
suggest that ethanol exerts its properties within the brain by affecting numerous neurotransmitter
systems, that there is no significant evidence that its metabolites cross the blood brain barrier and
that the metabolites occur for only short periods to mediate the effects of ethanol intoxication.
The working hypothesis that envisions ethanol as a pro-drug, on the other hand, suggests that
its activating and reinforcing properties are supported by the central actions of its metabolites
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(Deng and Deitrich, 2008; Deitrich, 2011; Karahanian et al.,
2011; Correa et al., 2012; Hipólito et al., 2012; Peana and
Acquas, 2013; Israel et al., 2015), no matter if generated centrally
or peripherally. In the latter case, according to the pro-drug
theory, acetaldehyde’s plasma levels, following ethanol intake,
would reach concentrations sufficient to significantly affect
its targets within the central nervous system (CNS). Another
possibility predicts that the activating and reinforcing properties,
mostly mediated through the involvement of the dopaminergic
mesolimbic system, could depend on the actions of ethanol
itself in combination with those of its metabolites produced
within the brain from local metabolism of ethanol (Sánchez-
Catalán et al., 2008; Hipólito et al., 2009; Martí-Prats et al., 2013,
2015). Accordingly, after ethanol administration, the net effect
on the activity of dopamine (DA) neurons would be the algebraic
consequence of the activation, due to the action of the ethanol
derivatives, and the depression, due to ethanol itself (Martí-Prats
et al., 2013, 2015). Indeed, the concentrations and duration of the
effects of ethanol and its derivatives determine the final effect on
DA neurons, which is ultimately governed by the rate of ethanol
metabolism (Martí-Prats et al., 2013, 2015).

Significant behavioral evidence implicates acetaldehyde in the
mechanisms underlying the psychopharmacological effects of
ethanol (Correa et al., 2012; Peana and Acquas, 2013; Peana
et al., 2016). Acetaldehyde has reinforcing properties on its
own (Correa et al., 2012; Peana et al., 2016), induces euphoria
at low concentrations (Eriksson, 2001) and has been involved
in alcohol addiction (Deng and Deitrich, 2008; Deehan et al.,
2013). Moreover, support to the critical role of acetaldehyde
in the reinforcing properties of ethanol was provided by the
observations that a negative interference with the peripheral
or central metabolism of ethanol to acetaldehyde, as well as a
reduction of its bioavailability, prevents several ethanol actions,
including its reinforcing effects (Foddai et al., 2004; Melis et al.,
2007; Peana et al., 2008, 2010a,b, 2015; Enrico et al., 2009;
Martí-Prats et al., 2013, 2015; Orrico et al., 2013, 2014). This is
in agreement with the original observation, made by Chevens
(1953). In fact, he reported that his patients did not perceive
aversive effects by taking low amounts of ethanol when they
were under treatment with disulfiram, an inhibitor of aldehyde
dehydrogenase (ALDH), suggesting that ALDH inhibition could
increase the euphoric and pleasurable effects of small doses of
ethanol by increasing acetaldehyde’s availability (Brown et al.,
1980).

In addition to the above, acetaldehyde has multiple tissue
damage effects and these also should be appreciated as
a feature of another never-ending story. In fact, humans
are frequently exposed to acetaldehyde from various sources
including alcoholic beverages, tobacco smoke and foods and
even microbes are responsible for the bulk of acetaldehyde
production from ethanol both in saliva and in the Helicobacter
pylori-infected and achlorhydric stomach (Salaspuro, 2011).
Moreover, acetaldehyde is also usually used as a food additive
and aroma agent. Unfortunately, acetaldehyde is mutagenic
and carcinogenic being responsible of DNA damage and of
several cancer-promoting effects (Dellarco, 1988; Seitz and
Stickel, 2010). Accordingly, acetaldehyde and ethanol are

two of the compounds for which the most comprehensive
evidence on epidemiology and mechanisms of carcinogenesis
is accessible. In the relationship between alcohol consumption
and development of different forms of cancer, the impact
of the risk of developing this pathology mostly depends on
alcohol consumption (Shield et al., 2013) and even a moderate
drinking has been shown to cause cancer (Bagnardi et al.,
2013). Different hypothesis have been proposed to explain
how ethanol and acetaldehyde may cause or contribute to
carcinogenesis, the main mechanism being attributable to the
metabolism of ethanol into the carcinogenic, and DNA binding,
acetaldehyde (Seitz and Stickel, 2007). Accordingly, humans
deficient in mitochondrial ALDH2 present an increased risk
of developing malignant tumours of the upper digestive tract
(Lachenmeier and Salaspuro, 2017). Likewise, ethanol may also
be metabolized into acetaldehyde by cytochrome CYP2E1, a
process that produces radical oxygen species (ROS) that may lead
to lipid peroxidation and to the formation of mutagenic adducts
(Pflaum et al., 2016). Additionally, acetaldehyde may also lead
to DNA hypomethylation, which changes the expression of
oncogenes and tumour-suppression genes (Seitz and Stickel,
2007; Pflaum et al., 2016). Finally, in this regard, recent research
from Lachenmeier and Salaspuro (2017) reported that many of
previous animal toxicology-based risk assessments might have
underestimated the risk of acetaldehyde toxicity. Interestingly,
buccal tablets slowly releasing L-cysteine, a semi-essential
amino acid, are able to reduce or remove microbially-formed
carcinogenic acetaldehyde from saliva during ethanol intake.
Indeed, L-cysteine binds covalently acetaldehyde producing a
stable compound (Salaspuro et al., 2002).

Another critical issue related to the neurobiological basis
of the central effects of ethanol refers to the increasing
evidence of other biologically active compounds (adducts), which
are obtained after acetaldehyde’s reaction with endogenous
monoamines and appear responsible of ethanol’s effects. As
regards these adducts, the properties of salsolinol (formed when
acetaldehyde binds to DA) as well as its potential role in
the neurobiological properties of ethanol have been recently
re-evaluated not only in light of the reinforcing properties of
ethanol (Hipólito et al., 2012; Deehan et al., 2013) but also in
light of the ability of salsolinol itself to affect ethanol intake
(Quintanilla et al., 2014), locomotor activity (Hipólito et al.,
2010; Quintanilla et al., 2014), conditioned place preference
(CPP; Matsuzawa et al., 2000; Hipólito et al., 2011) and to exert
neurotoxicity (Hernández et al., 2016).

In this regard, while many studies link Parkinson’s disease
with exposure to endogenous salsolinol (Tieu, 2011), this
molecule has recently also been suggested as responsible for
inducing experimental enteric neurodegeneration in rats (Kurnik
et al., 2015).

THE ISSUE OF ACETALDEHYDE
DETERMINATION

During the last years, several studies attempted to measure
acetaldehyde in blood and brain following the systemic
administration of either ethanol or acetaldehyde itself in order
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to correlate plasma to brain concentrations. In particular, while
some studies have described detection of brain acetaldehyde after
peripheral ethanol (Kiessling, 1962; Sippel, 1974; Tabakoff et al.,
1976; Eriksson and Sippel, 1977; Westcott et al., 1980; Hamby-
Mason et al., 1997; Peana et al., 2008, 2010b) or acetaldehyde
administration (Heap et al., 1995; Ward et al., 1997; Quertemont
et al., 2004; Plescia et al., 2015), others reported failure to detect
it after administration of either ethanol (Sippel, 1974; Eriksson
and Sippel, 1977; Jamal et al., 2007) or acetaldehyde itself (Peana
et al., 2010a). Indeed, increases of acetate but not acetaldehyde
were detected in human plasma after ethanol intake (Puig and
Fox, 1984; Sarkola et al., 2002). These controversial results could
be associated with a number of critical confounding factors
that overall still limit the reliable detection of this compound.
In fact, acetaldehyde formation in the brain is still subject
to speculation due to the lack of a specific method able to
accurately and directly assay its levels. One of these limitations is
certainly represented by the fact that ALDH is more abundantly
expressed with respect to the catalase-H2O2 (Zimatkin et al.,
1992). Indeed, the most efficient isoform of this dehydrogenase,
ALDH2, rapidly metabolizes acetaldehyde to acetate (Deitrich,
2004; Deng and Deitrich, 2008). Moreover, considering the
factors that may interfere with acetaldehyde’s assessments in the
brain, another aspect that should be taken into account is that
acetaldehyde possesses a short elimination half-life and is a highly
reactive electrophilic chemical that, thereby, is able to bind to
nucleophilic structures to give condensation products. Lastly,
acetaldehyde, like other volatile compounds, can easily cross the
alveolar-capillary membrane of the lungs and be eliminated by
exhalation (Eriksson and Sippel, 1977; Tardif, 2007) making it
plausible that also this factor may contribute significantly to the
difficulty of its detection.

Overall, this evidence indicates that after systemic
administration of ethanol or acetaldehyde itself, acetaldehyde
concentration must increase above a certain threshold level
(i.e., above the detection limit of the available analytical
approaches) in order to be reliably detected in the brain.

PERIPHERAL GENERATION OF
ACETALDEHYDE

The conventional view that ethanol metabolism to acetaldehyde
is carried out by class I liver alcohol dehydrogenase (ADH1;
Haseba and Ohno, 2010), was obtained following animal
(Bradford et al., 1993a,b; Escarabajal and Aragon, 2002; Peana
et al., 2008) and human (Blomstrand and Theorell, 1970; Crow
and Hardman, 1989; Sarkola et al., 2002) experiments with
specific inhibitors (pyrazoles) of ADH (Figure 1). In humans,
ADH1 is further classified into three subcategories, ADH1A, 1B
and 1C (all inhibited by 4-methylpyrazole, 4-MP), which are
the main ADHs for the oxidation of ethanol (Hempel et al.,
1984). Interestingly, also class III (ADH3) has been reported to
contribute to systemic ethanol metabolism in a dose-dependent
manner, thereby contributing to diminish the consequences of
acute ethanol intoxication. In particular, ADH3 (the isoform
belonging to class III according to the old nomenclature may
participate to ethanol metabolism together with ADH1 or

FIGURE 1 | Schematic representation of hepatic metabolism of
ethanol. The figure depicts, in the liver, the sub-cellular (cytosolic,
peroxisomal and mitochondrial) localization of the main pathways of ethanol
oxidative metabolism to acetaldehyde and of the main pathways of ethanol
by-products (acetaldehyde and acetate) disposal, with indication of the relative
co-factors involved. Abbreviations: ADH, Alcohol dehydrogenase; ALDH,
Aldehyde dehydrogenase; ATP, adenosine triphosphate; CYP2E1, isoform
2E1 of cytochrome P450; FADH2, flavin-adenine dinucleotide coenzyme in its
reduced form; NAD+, nicotinamide adenine dinucleotide coenzyme; NADPH,
Nicotinamide Adenine Dinucleotide Phosphate coenzyme in its reduced form.

compensating for its reduced contribution (Haseba et al., 2003).
In addition, it was suggested that chronic binge drinking might
shift the key metabolic pathway from ADH1 to ADH3 (Haseba
and Ohno, 2010), therefore attributing ADH3 a more critical
role at high ethanol concentrations. Notably, 4-MP inhibits
ADH1 but not ADH3 (Haseba and Ohno, 1997).

Besides the involvement of ADH, also other pathways may
play a critical role in ethanol metabolism in the liver (Takagi
et al., 1986; Zimatkin et al., 2006; Hipólito et al., 2007; Haseba
and Ohno, 2010; Figure 1). In this regard, and after decades of
attempts aimed at identifying the enzyme(s) responsible for the
ADH1-independent fraction of ethanol metabolism, the research
has focused on the microsomal (MEOS, mostly CYP2E1; Lieber
and DeCarli, 1972; Takagi et al., 1986; Teschke and Gellert, 1986)
and catalase-hydrogen peroxide (H2O2; Aragon et al., 1985;
Handler and Thurman, 1988b; Aragon and Amit, 1992; Bradford
et al., 1993a,b; Lieber, 2004) ethanol oxidizing systems, as the
ones that may come into account especially when blood alcohol
is high or when drinking is chronic (Sánchez-Catalán et al.,
2008). Indeed, the induction of MEOS activity due to chronic
ethanol consumption seems to explain the accelerated rate of
ethanol metabolism observed in chronic drinkers (Pikkarainen
and Lieber, 1980). Moreover, catalase andMEOS exhibit ethanol-
oxidizing activities higher than that of ADH1 and both are
insensitive to pyrazoles in vitro (Lieber and DeCarli, 1972).
Interestingly, Takagi et al. (1986) have shown that 4-MP actually
inhibits MEOS in deermice genetically lacking ADH, both in vivo
and in in vitro concluding that MEOS plays a significant role
in ethanol oxidation. However, the role of MEOS and catalase
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in the consequences of systemic ethanol metabolism are yet
to be fully characterized (Hipólito et al., 2007) whereas the
contribution of ADH to peripheral ethanol metabolism may
have been overestimated, based on some experiments where the
treatment with 4-MP caused in man a very low rate of ethanol
elimination (Blomstrand and Theorell, 1970), bringing to the
conclusion that catalase and MEOS, and not only ADH, may be
mainly responsible for ethanol’s metabolism (Blomstrand et al.,
1973).

The rate-limiting step in the catalase-dependent peroxidation
of ethanol is that of H2O2 generation (Oshino et al., 1973)
that can be originated at high rates also from fatty acids
metabolism (Handler and Thurman, 1988a). In particular,
ethanol metabolism in the liver is mediated predominantly by
catalase-H2O2 in the fasted state (Handler and Thurman, 1988b)
and it is interesting to observe that 4-MP inhibits also acyl-CoA
synthase, an enzyme essential to initiate the process of fatty
acid oxidation (Bradford et al., 1993a,b). Nonetheless, some
authors observed that pre-treatment with catalase inhibitors does
not significantly affect ethanol pharmacokinetics (bioavailability,
elimination; Tampier and Mardones, 1987; Aragon et al., 1989),
suggesting that catalase does not participate actively to hepatic
ethanol metabolism.

Lastly, the acetaldehyde produced by the oxidation of ethanol
is thereafter transformed by ALDH to acetate, which can be
further metabolized through the tricarboxylic acid cycle to
generate energy (Figure 1). ALDH, that plays an important
role for determining the peripheral acetaldehyde levels, is
further classified into two subcategories: ALDH1 present in the
cytosol and ALDH2 present in the mitochondria (Weiner and
Wang, 1994). Accordingly, high acetate but not acetaldehyde
concentrations can be detected in human plasma after ethanol
intake (Hernández et al., 2016). Notably, eastern Asians,
because of the high prevalence of ALDH2∗2 allele among those
populations, may be more susceptible to the effect of ethanol
(and acetaldehyde) with important public health implications
that may be utilized to promote ethanol abstinence or reduce
ethanol consumption.

CENTRAL GENERATION OF
ACETALDEHYDE

Ethanol can easily cross the blood-brain barrier and be
metabolized in the brain. However, the cellular types the blood-
brain barrier is made of, endothelial cells and oligodendrocites,
highly express ALDH (Zimatkin, 1991; Zimatkin et al., 1992),
which metabolizes acetaldehyde to acetate, preventing the
entrance of peripherally generated acetaldehyde into the brain
(Eriksson and Sippel, 1977; Deitrich et al., 1978; Hipólito
et al., 2007). Thus, unless the blood-brain (metabolic) barrier
activity undergoes saturation (Westcott et al., 1980; Hoover
and Brien, 1981; Zimatkin, 1991), acetaldehyde levels following
acute ethanol administration may hardly reach the blood
concentration critical to allow acetaldehyde crossing it (Tabakoff
et al., 1976; Eriksson and Fukunaga, 1993) and, therefore,
affecting its targets within the CNS. Otherwise, the oxidation
of ethanol to acetaldehyde can occur in the brain through

FIGURE 2 | Schematic representation of central metabolism of
ethanol. The figure depicts the three main central metabolic pathways of
ethanol oxidative metabolism to acetaldehyde and the main metabolic
pathways of ethanol by-product (acetaldehyde and acetate) disposal, with
indication of the relative co-factors involved. Abbreviations: ADH, Alcohol
dehydrogenase; ALDH, Aldehyde dehydrogenase; ATP, adenosine
triphosphate; CYP2E1, isoform 2E1 of cytochrome P450; FADH2,
flavin-adenine dinucleotide in its reduced form; H2O2, Hydrogen peroxide;
NAD+, nicotinamide adenine dinucleotide coenzyme; NADPH, Nicotinamide
Adenine Dinucleotide Phosphate coenzyme in its reduced form.

pathways that involve catalase, CYP2E1 and ADH (Hipólito
et al., 2007; Figure 2). In particular, although under appropriate
conditions the latter seems to represent a main pathway of
ethanol metabolism in the liver, it has been attributed a minor
contribution in the brain as indicated by biochemical (Zimatkin
et al., 2006) and behavioral studies (Escarabajal and Aragon,
2002). Interestingly, a recent study, showed that ADH, whose
several isoforms, such as ADH1, 3 and 4, have been found in the
mammal brain (Boleda et al., 1989; Galter et al., 2003; Hipólito
et al., 2007), is related to the enhancement of voluntary ethanol
intake in University of Chile Bibulous (UChB) rats, bred for
their high alcohol preference, after an injection into the ventral
tegmental area (VTA) of a lentiviral vector encoding for ADH
(Karahanian et al., 2011). Conversely, an injection into the VTA
of a lentiviral vector encoding the anti-catalase short hairpin
RNA (shRNA) abolished the voluntary consumption of ethanol
(Karahanian et al., 2011).

Most of in vivo brain acetaldehyde production depends on
catalase-H2O2 peroxidase activity (Zimatkin and Buben, 2007)
and catalase seems to be expressed in all neural cells (Hipólito
et al., 2007) although catalase-positive staining, resulting from
immunohistochemical studies, was particularly prominent in
brain areas containing aminergic neuronal bodies (Zimatkin
and Lindros, 1996). Accordingly, catalase mRNA was found in
a large number of neurons throughout the rat brain (Schad
et al., 2003). Indeed, catalase and, to a lesser extent CYP2E1,
are the main pathways of central ethanol metabolism (Aragon
et al., 1992; Aragon and Amit, 1993; Zimatkin et al., 2006;
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Hipólito et al., 2007, 2009; Sánchez-Catalán et al., 2008),
as can be observed in rodent studies, showing that inhibitors
of catalase, prevent the production of acetaldehyde (Aragon and
Amit, 1992; Koechling and Amit, 1994).

Strong support to the evidence of the critical role of
catalase-mediated metabolism of ethanol in its central effects
was originally brought by a number of seminal studies by
Aragon et al. (1985, 1989, 1992) and Aragon and Amit
(1993). These authors reported the ability of catalase to
oxidase ethanol in brain homogenates. They also showed the
ability of 3-amino-1,2,4-triazole (3-AT), a catalase inhibitor,
to prevent ethanol metabolism in these homogenates, both
when directly applied to them (Aragon and Amit, 1992)
and when previously administered in vivo to rats before
homogenates preparation (Aragon and Amit, 1992). Behavioral
studies further confirmed the suggestion of the critical
role played by catalase in the mediation of some central
effects of ethanol by showing that its potentiation (by acute
lead acetate; Correa et al., 1999a) and its inhibition (by
chronic lead acetate; Correa et al., 1999b) could increase
and reduce, respectively, ethanol-induced locomotor activity.
Behavioral studies, in addition, directly challenged the hypothesis
of catalase-dependent production of brain acetaldehyde as
a possible mediator of the psychopharmacological effects
of ethanol. These studies showed that local intra-arcuate
nucleus of the hypothalamus administration of another catalase
inhibitor, sodium azide, could prevent the locomotor stimulating
properties of ethanol (Sanchis-Segura et al., 2005) and that the
systemic administration of catalase inhibitors could prevent both
the locomotor stimulant effects of intra-substantia nigra pars
reticulata (SNr) administration of ethanol (Arizzi-LaFrance et al.,
2006) and the anxiolytic effects of systemically-administered
ethanol (Correa et al., 2008). Further recent evidence on the
role of catalase-mediated metabolism of ethanol was provided
by the studies on ethanol-elicited locomotor stimulation, CPP
(Ledesma and Aragon, 2012; Ledesma et al., 2012, 2013) and
acquisition of ethanol oral self-administration (Peana et al.,
2015). In summary, although acetaldehyde is generated locally
in pharmacologically-significant amounts (Deng and Deitrich,
2008) by brain catalase, this process seems circumscribed to
some specific brain nuclei (such as hypothalamus and midbrain)
providing anatomical validation to the high behavioral specificity
of the effects of drugs able to interfere with its enzymatic activity
(Smith et al., 1997; Sanchis-Segura et al., 2005; Arizzi-LaFrance
et al., 2006).

Overall, these studies support the hypothesis that brain-
generated acetaldehyde promotes locomotor stimulation, CPP
and ethanol drinking. Indeed, in order to increase acetaldehyde
levels, cyanamide, an inhibitor of ALDH, has been suitably
utilized locally in the VTA, in in vivo experiments in the
presence of an otherwise ineffective concentration of ethanol
on locomotor stimulation (Martí-Prats et al., 2013) and, upon
systemic administration of ethanol, in order to increase the
acetaldehyde’s yield in striatal microdialysates (Jamal et al.,
2007). In agreement with this idea, the administration of the
ALDH2-coding vector to rats bred for their alcohol preference,
decreased chronic ethanol consumption demonstrating that

endowing the VTA with an augmented ability to degrade
acetaldehyde greatly decreases ethanol intake (Karahanian
et al., 2015). Finally, acetaldehyde oxidation is required for
detoxification and it can be metabolized into acetate by
ALDH that plays a crucial role in further oxidizing ethanol-
derived acetaldehyde (Zimatkin et al., 2006). Lastly, the acetate
produced by ALDH is metabolized through the Krebs cycle to
produce energy or to provide intermediates for other molecules
(Hernández et al., 2016; Figure 2).

The cytochrome P450 enzymes (CYP2E1) that are
involved in ethanol metabolism in the liver have also been
implicated in its metabolism, in particular, in mesencephalic
tyrosine hydroxylase-positive neurons (Watts et al., 1998)
by reducing molecular oxygen to water and thus oxidizing
ethanol to acetaldehyde (Figure 2). Notably, the induction
of CYP2E1 expression by chronic ethanol treatment has
been reported in a number of brain structures including the
hippocampus, cerebellum and brainstem (Zhong et al., 2012).
Some authors have presented solid data suggesting the role
of CYP2E1 in ethanol brain metabolism, since acetaldehyde
production was decreased in mouse brain homogenates from
mice with CYP2E1 genetic deficiency (Quertemont et al.,
2005). Furthermore, the incubation with ethanol of brain
microsomes from CYP2E1 deficient mice, results in lower levels
of acetaldehyde, as compared to normal mice (Vasiliou et al.,
2006), although compensatory mechanisms due to increased
catalase expression in these animals should be taken into account
while evaluating in vivo the apparent lack of effects of ethanol
as compared to wild type mice (Correa et al., 2009). Moreover,
as mentioned above, the expression of this enzyme is induced
in response to chronic drinking (Hipólito et al., 2007; Sánchez-
Catalán et al., 2008) and it may thus contribute to the increased
rates of ethanol elimination in heavy drinkers (Hernández et al.,
2016).

NEUROBIOLOGICAL EFFECTS OF
ETHANOL AND ROLE OF ACETALDEHYDE

The research on the role of peripherally produced acetaldehyde
in at least some of the central effects of ethanol provided
different contributions in support of the suggestion that both
ethanol on its own, and as ethanol-derived acetaldehyde, play
a critical role in the reinforcing properties of ethanol. These
investigations have been performed, in naïve rodents, after
intragastric acetaldehyde or ethanol (passive) administration on
CPP as well as on oral (operant) self-administration studies.
In CPP experiments the inhibition of ADH1 (Peana et al.,
2008) or catalase (Font et al., 2008) as well as the reduction of
acetaldehyde bioavailability, by the use of sequestering agents,
impairs the acquisition of ethanol-elicited CPP (Peana et al.,
2008, 2009; Ledesma et al., 2013). Furthermore, acetaldehyde
itself elicits the acquisition of CPP (Spina et al., 2010) through
the activation of extracellular signal regulated kinase pathway
via a DA D1 receptor-mediated mechanism (Ibba et al., 2009;
Spina et al., 2010; Vinci et al., 2010). In operant experiments,
acetaldehyde was reported to be orally self-administered and,
similarly to ethanol, its oral self-administration was reported to
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be prevented by L-cysteine (Peana et al., 2010a), an agent that
acts either as radical scavenger or as precursor of cysteine and
that is also able to sequestrate acetaldehyde either peripherally
or centrally. The operant oral self-administration paradigm is a
preclinical model, in which animals are trained to emit a specific
response for gaining the drug reinforcement (Grant and Samson,
1986; Samson et al., 1988). By these experiments, it was shown
that the intraperitoneal administration of alpha lipoic acid, a
radical scavenger that interferes with catalase-H2O2 activity
(Ledesma et al., 2012), decreases maintenance, reinstatement
and progressive ratio of oral operant ethanol self-administration.
Likewise, L-cysteine acts also during the acquisition phase of
ethanol and acetaldehyde self-administration (Peana et al., 2012,
2013b) with the acetaldehyde-binding property of cysteine being
probably responsible for these effects. Likewise, Peana et al.
(2015) have reported that D-penicillamine, a synthetic amino
acid that strongly binds acetaldehyde, inhibits the acquisition of
oral ethanol self-administration. Nonetheless, Quintanilla et al.
(2016) showed that N-acetyl cysteine, a pro-drug of cysteine,
fails to influence the acquisition of voluntary ethanol intake in
adult female UChB rats, but greatly inhibits chronic ethanol
intake. These data overall suggest that N-acetyl cysteine and
L-cysteine may act by different mechanisms on the acquisition
and maintenance of ethanol intake at least in part depending on
experimental paradigms.

A rapidly growing body of evidence on the efficacy of radical
scavengers and antioxidants such as L-cysteine (Peana et al.,
2010a, 2012, 2013b), alpha lipoic acid (Ledesma et al., 2012;
Peana et al., 2013a) and N-acetyl cysteine (Quintanilla et al.,
2016), both on CPP experiments and in different phases (not only
during the acquisition) of operant self-administration as well as
on voluntary ethanol intake could be referred to the observation
that a neuro-inflammatory process could be responsible of
ethanol excessive taking (Montesinos et al., 2016). Indeed,
the metabolism of ethanol into acetaldehyde and acetate is
associated to the production of ROS that accentuate the oxidative
state of cells promoting oxidative damage, neuronal injury and
neurodegeneration. The oxidative balance is the result of the
amount of accumulated ROS and of the activity of antioxidant
enzymes. When the oxidative balance is disturbed, oxidative
stress develops affecting the cell as a whole, as well as proteins,
lipids and DNA. However, several defense mechanisms for
reducing the deleterious effects of oxidative stress exist, and e.g.,
if cellular defense and repair processes fail, oxidatively damaged
proteins can undergo proteasome-mediated protein degradation
(Bence et al., 2001). Specifically, ethanol metabolism up-regulates
the production of ROS and nitric oxide in primary cortical
neurons causing blood-brain barrier dysfunction (Haorah et al.,
2005, 2007, 2008). Chronic ethanol exposure has also been
associated with proteasome inhibition which seems to be a
key player in epigenetic mechanisms underlying alcoholism by
promoting the accumulation of oxidatively damaged histones
(Bardag-Gorce, 2009). Accordingly, recent findings showed
that ethanol exposure reduced intracellular 20 S proteasome
chymotrypsin-like activity in SH-SY5Y cells (Caputi et al., 2016)
in agreement with findings obtained in the liver and the brain
demonstrating that ethanol exposure decreased proteasome

activity by interfering with 20 S CP and 19 S RP assembly
(Bardag-Gorce, 2009; Donohue and Thomes, 2014; Erdozain
et al., 2014). In addition, the CYP2E1 isoform fulfills an
important role in the generation of ROS and exposure to ethanol
is related to their accumulation, which may be associated to
the induction of CYP2E1 in rat brain homogenates (Zhong
et al., 2012). Moreover, although ALDH activity has beneficial
effects, i.e., is responsible of the reduction of acetaldehyde, it also
produces free radicals (Hernández et al., 2016). Notably, in the
last decade, new insights into the mechanisms of the immune
system response have driven research toward understanding
the relationship between ethanol intake, the immune system
dysregulation and its contribution in a wide range of disorders
associated to ethanol exposure (Szabo and Saha, 2015), including
neuro-inflammation and CNS dysfunctions (Crews et al., 2015;
Montesinos et al., 2016). In this regard, it is noteworthy that
antioxidant activity of human serum of patients with a diagnosis
of alcohol dependence syndrome is lower than that of healthy
donors (control group; Plotnikov et al., 2016).

Neuro-inflammation is associated with alcohol use disorders.
Accordingly, recent work showed that the toll-like receptor 4
(TLR4) is involved in the induction of cytokines and chemokines,
which promote neuro-inflammation, brain damage, behavioral
and cognitive dysfunction (Pascual et al., 2015); however, it
is important to note that while a selective inhibitor of these
receptors was reported to decrease ethanol drinking in both
ethanol-dependent and non-dependent mice (Bajo et al., 2016),
other studies suggested recently that TLR4 may not be directly
involved in the regulation of excessive drinking (Harris et al.,
2017). Interestingly, anti-inflammatory mechanisms might also
be evoked to interpret our recent observations that ethanol
self-administration in Wistar rats (Peana et al., 2014) and
ethanol-elicited CPP in CD-1 mice (Spina et al., 2015) were
prevented by the administration of the standardized extract of
the roots of Withania somnifera a medicinal plant renowned
for its anti-inflammatory and free radical scavenger properties
(Dar et al., 2015). On this line of evidence, it is worth
mentioning that mesenchymal stem cells, known to reduce
oxidative stress (Valle-Prieto and Conget, 2010) and to secrete
anti-inflammatory cytokines (Lee et al., 2016), were able to
inhibit relapse-like drinking after intracerebral administration
(Israel et al., 2017).

On the other hand, chronic ethanol intake (maintenance
phase of the self-administration protocols) seems to become
independent of the early acetaldehyde mediated reinforcing
mechanisms (Peana et al., 2015) responsible for the first
hit (Israel et al., 2015). In this regard, the observation that
the pharmacological manipulation of ethanol metabolism,
by inhibition of catalase or by reduction of acetaldehyde
bioavailability, does not interfere with the perpetuation
(maintenance) of ethanol self-administration appears in
agreement with data reported by Israel et al. (2015). To
interpret these results, it was suggested that acetaldehyde could
indirectly contribute to the maintenance phase of oral ethanol
self-administration by the combination of two mechanisms:
the first, indirect one, was hypothesized to be due to the lack
of acetaldehyde itself that would make the animals to further
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seek and take ethanol; the second mechanism, on the other
hand, was suggested (Peana et al., 2015) to be based on the
decreased metabolism of ethanol that would make available
its non-metabolized fraction to act onto GABAA receptors
resulting in further maintaining of ethanol self-administration.
Otherwise, the alcohol relapse model based on the alcohol
deprivation effect has also been widely used to assess ethanol
craving and relapse. Thus, using this preclinical model, a
recently published study showed that chemical inactivation
of acetaldehyde, by D-penicillamine treatment in long-term
ethanol experienced rats, prevents relapse into ethanol taking
(Orrico et al., 2013). Moreover, the combined therapy of
naltrexone and D-penicillamine prevents the delayed increase
in ethanol consumption observed after continuous µ opioid
(MOP) receptors blockade, suggesting the suitability of this
combination as anti-relapse preclinical treatment (Orrico
et al., 2014) and highlighting the role of acetaldehyde in the
effects of ethanol. As also discussed in this review, a large
number of neuropharmacological studies pointed to multiple
neurochemical systems involved in the reinforcing effects of
ethanol and to the interactions between ethanol and the CNS
opioid signaling system, in particular (Coonfield et al., 2002;
Oswald and Wand, 2004; Ghozland et al., 2005; Koob and
Le Moal, 2006; Vukojevíc et al., 2008). Similarly, in human
neuroblastoma SH-SY5Y cells, changes in the expression of the
opioid receptors and the precursors of the opioid peptide ligands
were observed in response to ethanol or acetaldehyde 40 mM
and 0.4 mM, respectively (D’Addario et al., 2008), in agreement
with the evidence that at least some of the neurochemical
effects of ethanol are mediated by its first metabolite, and that,
accordingly, ethanol must be metabolized into acetaldehyde to
generate reward and reinforcement (Karahanian et al., 2011;
Correa et al., 2012; Peana and Acquas, 2013). Furthermore,
these data corroborate the hypothesis that the changes observed
in the pro-enkephalin and k opioid receptors expression upon
ethanol application are probably due to the action of his
metabolite (D’Addario et al., 2008). In the meantime other
studies correlated the epigenetic modifications with up/down
regulation of genes caused by ethanol or acetaldehyde in the
liver and rat brain tissue (Kim and Shukla, 2006; Shukla and
Aroor, 2006; Shukla et al., 2007; Pandey et al., 2008). Notably,
a temporal relationship between histone modifications and
pro-dynorphin gene expression down-regulation was observed
in a study conducted in human neuroblastoma cells (D’Addario
et al., 2011) highlighting that ethanol or acetaldehyde exposure
influences epigenetic regulation through histone acetylation,
hence regulating propensity for DNA transcription at specific
portions of the genome.

Ethanol and its metabolites may interfere with many
biological processes, including neuronal differentiation, leading
to severe brain damage and neurological disorders. In fact, the
most severe ethanol-related damage, associated with a loss of
neurons, was found following acute prenatal (Flentke et al.,
2014) or chronic (Fernandes et al., 2002; Moulder et al., 2002;
Soscia et al., 2006) pre- and post-natal exposure. Moreover,
the generation of new neurons and their functional integration
into the CNS is reported to be altered by ethanol (Nixon and

Crews, 2002; Crews et al., 2006). In this regard, ethanol is
known to affect cellular development interfering with brain-
derived neurotrophic factor (BDNF; Climent et al., 2002; Sakai
et al., 2005) and other neurotrophins (Moore et al., 2004;
Bruns and Miller, 2007; Mooney and Miller, 2011). Studies
conducted over the last decade by using in vitro models
have enriched the information about this interplay. Thus,
Hellmann et al. (2009) demonstrated that chronic ethanol
exposure impaired neuronal differentiation of neuroblastoma
cells and consistently impaired BDNF-mediated activation
of the Mitogen-Activated Protein Kinase/Extracellular signal-
Regulated Kinase (MAPK/ERK) cascade.

Together with phosphoinositide 3-kinase/protein kinase B
(PI3K/AKT) pathway, MAPK/ERK cascade is activated by
the growth factor midkine (MDK; Stoica et al., 2002), thus
promoting cell survival and proliferation (Reiff et al., 2011). It
has been hypothesized thatMDKmight be an ethanol-responsive
gene since it protects against neuronal damage and neuro-
degeneration (Herradón and Pérez-García, 2014) and might
regulate sensitivity to ethanol (Lasek et al., 2011). In support of
this possibility, MDK expression is high in the prefrontal cortex
of human alcoholics (Flatscher-Bader et al., 2005; Flatscher-
Bader andWilce, 2008), and is also elevated in the brains of mice
genetically predisposed to consume high amounts of ethanol
(Mulligan et al., 2006). Based on this evidence, it has been
hypothesized that ethanol engages MDK and the activation of
its receptor, the anaplastic lymphoma kinase (ALK). Intriguing
studies, employing the neuroblastoma SH-SY5Y and IMR-32 cell
lines, demonstrated that MDK and ALK are ethanol-responsive
and that the activation of ALK signaling by ethanol is dependent
on MDK expression. In fact, not only ethanol increased MDK
and ALK gene expression, but also caused a rapid increase in the
phosphorylation of ALK and ERK (He et al., 2015).

ROLE OF BRAIN ETHANOL-DERIVED
ACETALDEHYDE IN THE EFFECTS OF
ETHANOL

Acetaldehyde is a neuropharmacologically active substance,
which has reinforcing properties on its own and provokes,
although at lower doses/concentrations than ethanol, some
behavioral responses similar to its parent compound suggestive
of the fact that it could be responsible of some of its
effects (Correa et al., 2012). Several authors have shown
that the intracerebral administration of acetaldehyde induces
locomotor stimulation (Correa et al., 2003, 2009; Arizzi-
LaFrance et al., 2006; Sánchez-Catalán et al., 2009), CPP (Smith
et al., 1984; Quertemont and De Witte, 2001; Quintanilla
et al., 2002), conditioned taste preference (Brown et al., 1978)
and self-administration (Brown et al., 1980; Myers et al.,
1982; Rodd-Henricks et al., 2002). Likewise, microinjections
of acetaldehyde into the posterior VTA (pVTA) increase DA
release in the shell of the nucleus accumbens (Acb), measured by
microdyalisis (Melis et al., 2007; Deehan et al., 2013). Moreover,
electrophysiological studies have demonstrated that acetaldehyde
administration stimulates the activity of VTA DA neurons
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in vitro (Melis et al., 2007; Diana et al., 2008) and in vivo (Foddai
et al., 2004; Enrico et al., 2009). However, although highly
suggestive, all the above evidence does not represent unequivocal
proof that acetaldehyde is the key element for the development of
the neurobiological effects of ethanol (Correa et al., 2012; Israel
et al., 2015).

In order to address this critical question, and to assess
the role of brain ethanol-derived acetaldehyde, the strategy
more commonly used has been to evaluate the consequences
of the modulation of the enzymatic systems involved in
brain ethanol metabolism (Hipólito et al., 2007). Indeed, the
catalase activity has been the most targeted one, due to
its high contribution to brain ethanol metabolism. Thus, a
decreased activity of brain catalase would elicit a reduction
or blockade of ethanol effects, as a consequence of decreased
levels of acetaldehyde formation. Arizzi-LaFrance et al. (2006)
demonstrated that the locomotor activation induced by ethanol
microinjection into substantia nigra pars compacta (SNc)
could be blocked with the systemic administration of sodium
azide. Otherwise, intra-cerebral injection of sodium azide is
able to prevent the locomotor-stimulating effects of ethanol
microinjection into the hypothalamic arcuate nucleus (Pastor
and Aragon, 2008) and the decreased locomotion induced by
intraperitoneal administration of ethanol in rats (Sanchis-Segura
et al., 2005). Moreover, the direct correlation between voluntary
consumption of ethanol and brain catalase activity (Amit and
Aragon, 1988; Gill et al., 1996) highlights the role of brain
acetaldehyde formation. Consistent with this idea, the intra-VTA
microinjection of a lentiviral vector encoding a shRNA for
silencing catalase gene expression and reducing the catalase
content has been shown to decrease the voluntary ethanol
consumption and alcohol deprivation effect (Karahanian et al.,
2011; Tampier et al., 2013). Similarly, brain ALDH activity has
been modulated to increase the locomotor-stimulating effects
of ethanol in rats (Spivak et al., 1987; Martí-Prats et al., 2013).
Moreover, a positive correlation between voluntary ethanol
consumption and brain ALDH activity (Sinclair and Lindros,
1981; Socaransky et al., 1984) has been described, also, by
means of a lentiviral vector encoding for ALDH and enhancing
acetaldehyde metabolism (Karahanian et al., 2015). Besides the
evidence gathered by behavioral studies, the involvement of local
acetaldehyde formation in the central effects of ethanol was also
provided by an in vitro electrophysiological approach showing
that local catalase inhibition, through 3-AT administration,
prevents the effect of ethanol on pVTA DA neurons (Melis et al.,
2007).

Several recent studies have used the acetaldehyde-
sequestering agent, D-penicillamine, to assess the impact of
the reduction of brain acetaldehyde levels on the development of
the psychopharmacological effects of ethanol. D-penicillamine
is an amino acid that interacts with acetaldehyde to form a
stable adduct (Nagasawa et al., 1980), which has been detected
in plasma, liver and brain following ethanol administration
(Serrano et al., 2007). Moreover, intra-cisternal administration
of D-penicillamine was shown to prevent the locomotor
stimulation and CPP produced by intra-cisternal ethanol
administration in newborn rats (Pautassi et al., 2011; March

et al., 2013), whereas the intra-cerebroventricular pretreatment
with D-penicillamine was reported to decrease the voluntary
ethanol intake in rats (Font et al., 2006). In addition, more
direct than previously described evidence has pointed to the
VTA as a key brain region for the effects of ethanol-derived
acetaldehyde following sequestering-agents pretreatment since
the intra-VTA administration of D-penicillamine prevents
the alcohol deprivation effect in Wistar rats (Orrico et al.,
2013).

While the above described studies confirm that in situ
acetaldehyde formation from ethanol is necessary to the
development of the psychopharmacological effects of ethanol,
the mechanism through which ethanol or acetaldehyde activate
VTA DA neurons, and therefore the mesolimbic DA system,
is not yet fully understood. Nowadays, it has been shown
that ethanol modulates the activity of DA neurons through
its interaction with several neurochemical and neuroendocrine
systems including GABA, glutamate, opioid, cannabinoid and
corticotropin-releasing factor systems and cytoplasmic elements
(Gessa et al., 1985; Morikawa and Morrisett, 2010; D’Addario
et al., 2013; Erdozain and Callado, 2014). Both ethanol and
acetaldehyde are able to stimulate DA neurons through ion
channels modulation (Brodie et al., 1990; Okamoto et al., 2006;
Melis et al., 2007), and it has been shown, by electrophysiological
approaches, that prevention of acetaldehyde formation or its
inactivation leads to blockade of ethanol effects (Foddai et al.,
2004; Melis et al., 2007; Enrico et al., 2009).

In particular, as to the endogenous opioid system, there is a
general agreement that it is involved in the neurobiological effects
of ethanol and a number of hypotheses have been proposed to
explain how this interaction may take place. Several evidences
support the notion that the activation of MOP receptors
expressed onto VTA GABA neurons and other GABA afferents
(Johnson and North, 1992; Jalabert et al., 2011; Sánchez-Catalán
et al., 2014), is critically involved in the stimulation of VTA DA
neurons after ethanol or acetaldehyde (Mereu and Gessa, 1985;
Xiao et al., 2007; Fois and Diana, 2016). Consistent with this
idea, behavioral studies have shown that the microinjection of
naltrexone or β-funaltrexamine (an irreversible MOP receptor
antagonist) can prevent the motor activation induced by the
intra-pVTA administration of ethanol or acetaldehyde (Sánchez-
Catalán et al., 2009). Moreover, such preventive effect has been
also observed by using electrophysiological approaches (Xiao and
Ye, 2008; Guan and Ye, 2010; Fois and Diana, 2016).

Besides the stimulating effect of ethanol or acetaldehyde into
the pVTA, which seems to involve the MOP receptors and,
ultimately, ethanol by-products (see below), it has been observed
that ethanol on its own can activate VTA GABA neurons,
eliciting inhibition of DA neurons (Steffensen et al., 2009). The
reinforcing properties of ethanol would depend on the action
of ethanol itself and of its metabolites, as proposed by Martí-
Prats et al. (2013). Indeed, these authors demonstrated that the
intra-pVTA administration of a low dose of ethanol did not
induce any locomotor effect in rats, which implies a balanced
effect between those of ethanol and those of its metabolites. Thus,
decreased levels of ethanol-derived acetaldehyde by catalase
inhibition (sodium azide) or by acetaldehyde inactivation
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(D-penicillamine), converts an inactive ethanol dose into a
depressive one. On the contrary, the increase of ethanol-derived
acetaldehyde levels obtained by ALDH inhibition (cyanamide),
converts the ethanol dose into a stimulating one. Thereby,
the decrease of the ethanol-metabolized fraction (acetaldehyde
and, perhaps, salsolinol) discloses the inhibitory action of the
non-metabolized fraction of ethanol, whereas the increase of the
metabolized fraction discloses a stimulatory effect. Following this
elegant approach, Martí-Prats et al. (2015) developed further
research in order to disentangle the mechanism of action of
such ethanol non-metabolized fraction. Accordingly, GABAA
antagonism (bicuculline) was able to convert an inactive ethanol
dose into an active one. Moreover, bicuculline administration
was also able to prevent the motor depression observed
after D-penicillamine pretreatment (therefore, no motor effect
was observed; Martí-Prats et al., 2013). On the other hand,
the intra-pVTA administration of β-funaltrexamine induced
a decrease of motor activity of the animals treated with an
inactive dose of ethanol, suggesting that the consequence of
MOP receptor blockade on this effect could be attributable to
the blockade of the effects of the ethanol-metabolized fraction
(Martí-Prats et al., 2015; Figure 3).

Overall, these studies provide evidence of the key role of
ethanol-derived acetaldehyde, formed in situ, in the mechanisms
underlying the psychopharmacological effects of ethanol.
However, it is noteworthy that the involvement of other
by-products of ethanol metabolism such as salsolinol are also a
key issue to the neurobiological basis of these effects, as will be
discussed in the next section.

BEYOND ACETALDEHYDE: ROLE OF
SALSOLINOL

Acetaldehyde is a highly reactive compound with a very
short half-life and reacts with biogenic amines to produce
condensation products known as tetrahydroisoquinolines
(THIQs). In the 70s, several investigators proposed the THIQs
theory of alcoholism, pointing at these molecules as possible
mediators of part of the ethanol effects on the mesolimbic
system and consequently as responsible of playing an important
role in alcoholism (Cohen and Collins, 1970; Davis and
Walsh, 1970; Melchior and Myers, 1977; Duncan and Deitrich,
1980). Although in the late 70s and 80s, some investigators
explored the role of some THIQs, including betacarbolines
and tetrahydropapaveroline, on ethanol intake and DA release
(Myers and Melchior, 1977; Tuomisto et al., 1982; Airaksinen
et al., 1983; Myers and Robinson, 1999), no more studies have
increased our knowledge in their role in alcoholism. Otherwise,
the condensation product of acetaldehyde with DA, salsolinol
(1-methyl-6,7-dihidroxy-1,2,3,4-tetrahydroisoquinoline, for
detailed review on salsolinol formation see Hipólito et al., 2012),
has been specially investigated trying to clarify its role in the
neurobiological basis of alcohol addiction (Figure 3). When
investigating the intriguing relationship between ethanol and
salsolinol four main questions arise: (i) is salsolinol produced
in pharmacologically significant concentrations after ethanol
intake?; (ii) does salsolinol activate the DA mesolimbic pathway

to induce alcohol use disorders -related behaviors?; if so, (iii)
how is salsolinol activating this system?; and (iv) is salsolinol
necessary for ethanol to exert its activating effect on the
dopaminergic mesolimbic system?

As to the first question, the issue of salsolinol formation in
the brain after ethanol administration is still unclear. In fact,
beginning from the first evidences of salsolinol formation in
the brain of rodents after ethanol administration brought in
the mid 70 by Collins and Bigdeli (1975), different laboratories
have obtained controversial data. Actually, some of these reports
show an increase of salsolinol levels (Myers et al., 1985;
Matsubara et al., 1987; Jamal et al., 2003a,b,c; Starkey et al.,
2006; Rojkovicova et al., 2008) while others show no alterations
in the brain after different protocols of ethanol administration
(O’Neill and Rahwan, 1977; Baum et al., 1999; Haber et al.,
1999; Lee et al., 2010). Moreover, the investigations reporting
increased brain salsolinol upon chronic ethanol intake or chronic
ethanol administration, were performed in rats allowed to access
ad libitum lab chow either before and throughout the study
(Sjöquist et al., 1982). Interestingly, when such rat studies
were repeated using chronic ethanol intake in DOPA- and
salsolinol-free liquid diets, no changes were found of endogenous
brain salsolinol concentrations (Collins et al., 1990). However,
when the ethanol-liquid diets were supplemented with DOPA,
salsolinol levels were raised (Collins et al., 1990) suggesting
that, upon prolonged ethanol intake, elevations of endogenous
salsolinol concentrations, as well as of those of other THIQs,
seem to depend on a number of factors including the brain region
investigated, the duration of intake and the associated dietary
constituents (Lee et al., 2010). The differences observed in the
data from these studies have been extensively summarized and
analyzed in a previous review on this specific topic (Hipólito
et al., 2012). Notably, in this regard, only one report, in the
last 5 years has added more knowledge to this issue. In this
study, authors detected an increase in salsolinol levels in fetal
rat brain after an alcoholization protocol from GD8 to GD20
(Mao et al., 2013). However, similarly to the studies mentioned
previously, there is still a lack of a direct demonstration that
may provide us a precise correlation between the ethanol
load and the concentration of salsolinol achieved in the brain
tissue. In summary, convincing data, clearly demonstrating brain
(neuronal or glial) salsolinol formation in ethanol-treated and/or
ethanol-consuming animals, are still missing.

As to the second question, in spite of the uncertainties
mentioned above, the latest investigations on the
psychopharmacological effects of salsolinol appear in support of
the THIQs theory of alcoholism. Throughout the last 15 years,
different laboratories have successfully shown that salsolinol
exerts, on the mesolimbic system, effects similar to ethanol,
suggesting that at least some of the effects of ethanol may
be mediated by salsolinol. These latest neurochemical and
behavioral studies have shed a bit of light on the previous
controversial data where an effect or a lack of salsolinol’s effect
on the dopaminergic system had been reported. The most
recent data, obtained with the intracerebral administration of
low doses (0.3–30 µg) of salsolinol, revealed that it robustly
increases motor activity and produces motor sensitization
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FIGURE 3 | Opposite responses elicited by ethanol and its derivatives on the activity of mesolimbic dopaminergic system. Simplified schematic
representation of the effects of ethanol metabolites on pVTA DA neurons. Ethanol evokes an inhibition of pVTA DA neurons through presynaptic (Weiner and
Valenzuela, 2006) and postsynaptic GABAergic mechanisms. On the other hand, salsolinol induces an excitation of pVTA DA neurons through MOP receptors
activation located in the soma and terminals of GABA neurons. Abbreviations: DA, dopamine. GABA, γ-aminobutiric acid. GABAA, GABA receptors type A. µ, MOP
receptors.

(Quintanilla et al., 2014, 2016); this is in contrast with those
studies where salsolinol, administered at high doses (100–300 µg
intracranial or 10–100 mg i.p.), was reported to induce no
change of motor behavior (Antkiewicz-Michaluk et al., 2000a;
Vetulani et al., 2001). Indeed, Hipólito et al. (2011) and
Quintanilla et al. (2016) have shown that the administration
of 30 pmol of salsolinol directly into the rats pVTA increases
motor activity and induces motor sensitization, being R-SAL
the active stereoisomer (Quintanilla et al., 2016). These data
are similar, in terms of profile and activation magnitude, to
the previously reported effects of intra-pVTA administration
of ethanol and acetaldehyde on motor activity (see ‘‘Central
Generation of Acetaldehyde’’ Section for discussion on this
aspect and Sánchez-Catalán et al., 2009) but with the striking
difference that salsolinol is ∼100 times more potent than ethanol
and acetaldehyde. Very interestingly, the pVTA seems also
to be a key brain area for salsolinol reinforcing effects. In a
first study, using the intracranial self-administration procedure
(ICSA) in rats, Rodd et al. (2008) showed that salsolinol is
self-administered at concentrations ranging from 0.03 to 0.3
µM/infusion directly into this brain region. Curiously these
authors have used the same ICSA protocol with both ethanol and
acetaldehyde as reinforcers showing that these three compounds
share a similar response profile in this protocol but with different
potencies (being salsolinol ≥ acetaldehyde >> ethanol; Rodd
et al., 2004, 2005). Furthermore, although context association
learning using salsolinol as reinforcer (i.e., as an unconditioned
stimulus) was already revealed in a study using its peripheral,
systemic, administration in a CPP paradigm (Matsuzawa et al.,
2000), we recently demonstrated the involvement of the pVTA
also in this effect (Hipólito et al., 2011). In this study, in fact, the
administration of 30 pmol of salsolinol (the same dose used in the
motor activity studies) into the pVTA, associated to a context,

increased the time spent by the rats in that context on the test day
under drug free conditions (Hipólito et al., 2011). Five years after
this study, other investigators have reproduced these data also
showing that R-salsolinol is the active stereoisomer responsible
for CPP induction (Quintanilla et al., 2016).

In accordance with the above locomotor activity, ICSA and
CPP studies, the administration of similar doses of salsolinol
into the pVTA increases DA release in the Acb shell (Hipólito
et al., 2011; Deehan et al., 2013) through an indirect stimulation
of the pVTA DA neurons by a mechanism suggested by
ex vivo electrophysiological studies (Xie et al., 2012) that will be
discussed below.

Indeed, the Acb has also been shown to be responsive to
the pharmacological action of salsolinol. Thus, salsolinol is also
self-administered into the Acb shell of alcohol-preferring (P) rats
(Rodd et al., 2003) reaching its maximal number of responses
at 3 µM, a concentration 30 times greater than that (0.1 µM)
required to obtain the maximal response when self-administered
into the pVTA (Rodd et al., 2008). Notably, although these two
studies were performed within the same lab and following an
identical ICSA procedure, before concluding that the Acb shell
is less sensitive than the pVTA to the reinforcing properties
of salsolinol, it is important to note that, in the Acb shell
experiments, Rodd et al. (2003) used P rats, which are genetically
bred to present high levels of alcohol intake.

Moreover, the neurochemical effects of salsolinol in the Acb
have been characterized by in vivo brain microdialysis in another
study (Hipólito et al., 2009). Interestingly, in this research
salsolinol showed a differential effect depending on the accumbal
region studied. In fact, salsolinol reduced DA levels down to 50%
from baseline when delivered into the shell whereas it increased
them up to 130%when administered into the core (Hipólito et al.,
2009). These regional differences in response to salsolinol were
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previously specifically observed for MOP and δ opioid receptor
agonists (Hipólito et al., 2008). In this study, the application of
these agonists increased DA release in the Acb core but decreased
it in the Acb shell with a profile and magnitude similar to that
reported for salsolinol (Hipólito et al., 2009). In this regard, it
is appropriate to note that in the ICSA experiments of Rodd
et al. (2003), salsolinol was self-administered directly into the Acb
shell, whereas these microdialysis data show that salsolinol is able
to decrease DA release in the Acb shell. One possible explanation
for this apparent discrepancy might be found in the different
concentrations of salsolinol. In the case of the ICSA studies, the
concentration of salsolinol able to induce the maximum number
of administrations was 3 µM whereas that one able to induce
the maximum decrease of DA was 5 µM, which, due to the
recovery of the dialysis membrane (∼10%), is notably lower than
the concentration of salsolinol in the self-administered solution.
Another possibility relies on the different modalities of salsolinol
administration followed in these experiments: microdialysis
studies, in fact, show responses (collected every 20 min) upon the
acute application of salsolinol whereas ICSA studies use repeated
and more prolonged applications of salsolinol (several sessions).
Hence, based on the rate of salsolinol self-administration more
than one dose of salsolinol would be administered in 20 min and
this observation makes highly fallacious comparing studies with
so different time scales and administration modalities.

The opioid system has been suggested to mediate the
salsolinol (as well as the acetaldehyde, Peana et al., 2011) effects
in the CNS. In a very early set of studies salsolinol showed to bind
to opioid receptors and produce opioid-like effects (Tampier
et al., 1977; Blum et al., 1978; Fertel et al., 1980; Lucchi et al.,
1982). Based on these studies and on the structural similarities
of salsolinol with the MOP receptor agonist morphine, most
part of the neurobiological consequences deriving from the
administration of salsolinol were shown to be impeded by
pharmacological blockade of MOP receptors. In particular,
the blockade in the pVTA of these receptors by the selective
and irreversible MOP antagonist β-funaltrexamine impairs the
salsolinol-elicited increase in motor activity (Hipólito et al.,
2010), the acquisition of CPP after either its systemic (Matsuzawa
et al., 2000) and intra-pVTA administration (Hipólito et al.,
2010) as well as the increase in accumbal DA release elicited
by intra-pVTA salsolinol administration (Hipólito et al., 2011).
Moreover, although, unfortunately, there are no data on the
effects of opioid antagonists on salsolinol self-administration,
the pharmacology of salsolinol ICSA has been investigated by
Rodd et al. (2003, 2005, 2008). In their studies, these authors
explored the role of the dopaminergic (D2 and D3 subtypes) and
the serotoninergic (5-HT3 subtype) receptors in the reinforcing
properties of salsolinol. The co-infusion of the D2/D3 receptor
antagonist, sulpiride, with salsolinol completely blocked the
number of self-infusions into the Acb shell (Rodd et al., 2003);
similarly, although by a different mechanism, co-administration
of the D2/D3 receptor agonist, quinpirole, significantly reduced
the number of responses on the active lever to obtain the ICSA
of salsolinol into the pVTA (Rodd et al., 2008). Thus, although
several studies have excluded a direct interaction of salsolinol
with D1 and D2 receptors (Antkiewicz-Michaluk et al., 2000a,b;

Tóth et al., 2002; Homicsko et al., 2003; Székács et al., 2007),
these data indicate that somehow DA receptors are involved
in the reinforcing properties of salsolinol in the mesolimbic
pathway. Moreover, in similar ICSA experiments performed
to deliver salsolinol into the pVTA, Rodd et al. have also
investigated the implication of 5-HT3 receptors and showed
that the application of the selective antagonist of the 5-HT3
receptors, ICS 205, 930, significantly diminished the number
of salsolinol self-administrations. The authors of this study
hypothesized that the involvement of 5-HT3 receptors may be
indirect, based on previous reports that show an enhancement
of serotonin extracellular levels after salsolinol administration in
the rats striatum (Maruyama et al., 1992; Nakahara et al., 1994).
Unfortunately, no more experiments have been done to test this
possibility and characterize further the pharmacology of ICSA of
salsolinol.

As to the third question, in a set of more direct experiments,
Xie et al. (2012) tried to shed light on how salsolinol activates DA
neurons of the mesolimbic pathway, by using the patch clamp
technique. In these experiments, DA neurons were patched
and action potentials (APs), as well as spontaneous inhibitory
postsynaptic currents (sIPSC) from GABA inputs were recorded.
Salsolinol was able to increase, dose-dependently, the number
of APs/10 s and to reduce the number of sIPSC/10 s after
its bath application at concentrations as low as 0.003–1.0 µM.
These data confirm the ability of salsolinol to activate pVTA DA
neurons through an indirect mechanism that involves a decrease
of GABA release onto DA neurons. Furthermore, following the
idea of MOP receptors involvement in the effects of salsolinol
on mesolimbic DA system, the authors used a non-selective
antagonist, naltrexone, and found that it impairs salsolinol
effects on both the APs and the sIPSC. Taking into account
the organization of the pVTA (Johnson and North, 1992), it
seems reasonable to suggest that salsolinol is able to activate
MOP receptors mainly located onto pVTA GABA neurons and
other GABA afferents that control the DA neurons activity.
As a consequence of the GABA neurotransmission inactivation,
DA neurons (under tonic control from GABA neurons) may
be activated through a disinhibition mechanism (Xie et al.,
2012). Notably, this mechanism of action offers a reasonable
mechanistic explanation of the neurochemical and behavioral
experiments exposed above but also may give an explanation of
how ethanol is able to interact with the opioid system to mediate
its activating effects (Font et al., 2013). Nonetheless, there are still
unresolved questions about salsolinol (i.e., the involvement of 5-
HT3 receptor), and probably salsolinol mechanism of action is
much more complicated. Other possibilities, besides the MOP
and the 5-HT3 receptors, have been explored in vitro. After
another set of electrophysiology experiments, Xie and Ye (2012)
concluded that the effect of salsolinol on DA neurons involves
at least three mechanisms: (i) a depolarizing action of DA
neurons by itself; (ii) an activating action of MOP receptors onto
GABAergic inputs; and (iii) an enhancing action of presynaptic
glutamatergic transmission onto DA neurons via activation of
DA D1 receptors on the glutamatergic terminals. However, as
previously discussed, this is still an open question that will need
more data from different techniques to be clarified.
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The final question, perhaps the most difficult to answer
and at the same time the most important one, refers to
the involvement of salsolinol in the neurobiological effects of
ethanol. All data discussed above give support to the THIQs
theory of alcoholism without providing a direct confirmation
of the crucial role of salsolinol in the effects of ethanol. In
investigating the neurobiological effects of salsolinol, others and
we always administered exogenous salsolinol to observe its effects
but never used ethanol to obtain salsolinol in situ. Obviously, the
lack of knowledge about salsolinol formation from ethanol does
not allow us to manipulate the metabolism as others and we did
to study acetaldehyde’s effects. Noteworthy, a recent study from
Melis et al. (2015) has provided a direct evidence of salsolinol
involvement in ethanol activating effects of DA neurons in the
pVTA. In this very well designed electrophysiological study,
frequency of APs was measured in DA depleted mice to allow the
manipulation of the hypothesized steps of salsolinol formation
from ethanol metabolism. The study by Melis et al. (2015)
reported that ethanol could increase the frequency of APs of
DA neurons in slices from DA depleted mice only if in the
presence of exogenously added DA. Moreover, DA neurons
from slices obtained from DA depleted mice that were treated
with 3-AT (that prevents acetaldehyde’s and, consequently,
salsolinol’s formation) showed no APs increases in response
to ethanol. These data reveal that the formation of salsolinol
from ethanol-derived acetaldehyde is necessary for the ethanol
activating effects on DA neurons in the pVTA.

In conclusion, although there is a yet growing interest
in the field with high expectancies of providing very critical
insights on this topic, some of the questions are, unfortunately,
still unanswered making the role of salsolinol in the effects
of ethanol a matter of further debate in the field of alcohol
addiction.

SUMMARY AND FUTURE
DEVELOPMENTS

As acetaldehyde is involved in many actions of ethanol in the
brain, including behavioral changes and neuronal damage, the
drugs used to interfere with ethanol metabolism or reduce
acetaldehyde levels may represent a valuable therapy in the
management of the large number of alcohol use disorders
including relapse into ethanol taking and, in combination with
the existing ones, might improve the outcomes of current
pharmacological therapies. Moreover, compounds endowed with
anti-oxidant properties represent nowadays potentially good

candidates to treat distinct phases of ethanol misuse. The
neuroimmune mechanisms of ethanol and acetaldehyde offer
new approaches to develop more effective pharmacotherapies
to treat ethanol-related neuropathologies. This recent latter
evidence could explain the efficacy of different radical scavengers
and antioxidant drugs in the reduction of ethanol-, ethanol-
derived acetaldehyde- and acetaldehyde-dependent effects.
Moreover, as some pioneering and recent studies point to the
relevance of the cortico-striatal glutamatergic transmission to the
development of addiction to psychostimulant and other drugs of
abuse, further research appears needed to disentangle the exact
relationship between ethanol, acetaldehyde and salsolinol in this
pathway, which might lead to develop new treatments.

Moreover, the latest research on the acetaldehyde-DA adduct
points to salsolinol as a strategic tile in the puzzle that explains
the activating effects of ethanol that may eventually lead to
alcohol use disorders in some individuals. In this regard, it
is noteworthy that all the potential pharmacological tools,
suggested by the above evidence, may be able to prevent either
salsolinol formation or salsolinol actions onto DA neurons.
However, although the gathered evidence discloses potential
targets of promising therapies, it also requires great caution as
most part, if not all, of the data discussed in the present review
were obtained upon acute administrations. In other words,
since in this scenario we are still missing the data under and
after chronic exposure to ethanol, acetaldehyde and salsolinol,
modeling more advanced states of addiction (Belin-Rauscent
et al., 2016) appears the must for future research in order to really
gain understanding on which may be the real role of ethanol and
its by-products in abnormal ethanol taking behaviors.

In conclusion, significant new evidence supports the role of
acetaldehyde and salsolinol in many actions of ethanol in the
CNS which offers new insights for the search of new targets
and for the discovery of effective pharmacotherapies against the
development of alcohol abuse and dependence.
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