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Abstract — Since its discovery nearly 40 years agdyydroxybutyric acid (GHB) has attracted several
waves of scientific interest due to new developments in the knowledge of its mechanisms of action and
ideas for its potential use in clinical practice. Its effects have been claimed to treat different psychiatric
conditions, but over time its use has become limited to a few specific situations (e.g. sedating patients in
non-painful surgical procedures and narcolepsy). New interest in the drug derives from its potential use
in the treatment of alcoholism. Recent studies demonstrated a marked effect of the substance in
suppressing ethanol (ETOH) withdrawal symptoms and in reducing craving for alcohol, compared to
other available drugs. However, GHB has to be given under very careful supervision because of its side-
effects, including the risk of abuse and dependence and possible interference with the metabolic
pathways of endogenous GHB and ETOH. This short review discusses these and related issues and we
hope that it will stimulate further interest in GHB.

INTRODUCTION or a neuromodulator in the mammalian central
nervous system (CNS) in its own right (Benavides
y-Hydroxybutyric acid (GHB), a short-chain fattyet al,, 1982; Vayeret al,, 1987). Moreover, GHB
acid which closely resembles the inhibitoryhas been shown also to interfere with the activity
neurotransmittery-aminobutyric acid (GABA), of the dopamine, serotonin, acetylcholine, and
has a number of diverse neuropharmacologicapioid systems (Gessat al, 1968; Spano and
and neurophysiological effects (Snead, 197Rrzegalinsky, 1973; Snead and Bearden, 1980).
Vayer et al, 1987). Interest in this compound Evidence of a relationship between the actions
has arisen because it is found naturally in animalf ethanol (ETOH) and GHB has appeared since
brain (Giarman and Roth, 1964), specifically irthe late 1960s. ETOH potentiates the ‘sleeping
the hypothalamus and basal ganglia (Snead atiche’ induced by GHB administration in mice and
Morley, 1981), in human brain (Dohertgt al, rats (Banret al, 1967; McCabet al,, 1970). Anin
1978), as well as in extraneuronal rat tissueivo action of ETOH on endogenous GHB
(Nelsonet al,, 1981). The concentrations naturallyconcentration has been reported (Roth, 1970).
present in brain suggest a physiological role foBubsequently, acute ETOH administration in
the compound (Walters and Roth, 1977; Reth pharmacologically relevant concentrations has
al., 1980). been shown in rats to decrease GHB in some
Although GHB has been termed a '‘GABAbrain areas (Poldrugo, 1987). In the past decade,
agonist’ (Meldrum, 1981), evidence is accumulatthe mechanism of the interaction between GHB
ing that GHB might function as a neurotransmitteand ETOH has become clearer and, recently, GHB
has been introduced in clinical practice for
alcoholism management. The present report will
*Author to whom correspondence should be addressed. ~ update the relationship between these two sub-
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stenceswith the aim of clarifying the potentialuse
of GHB in the treatment of alcoholsm.

GENETIC AND BIOLOGICAL
INTERACTIONS

y-Butyrolacbne (GBL), a precurso of GHB
(Lettieri andFung, 1978),induced a longer lossof
righting reflex (LRR) in long-skepmice (LS-line)
sekctively bred for greatersensitivity to ETOH
than in the less sensitive short-¢eep mice (SS
line). A low dose of GBL produced biphasic
effects on locomotor activity. Both the initial
depressantactionandthe laterincrea® in activity
were greaterin LS, than SS, mice (Dudek and
Faneli, 1980). Theseresultswere more recently
replicated in Sardnian alcohotlpreferring rats
(sP) aratline selectivdy bredfor high preferaace
for ETOH (Colomboet al., 1998). The sameline
of ratsshowedanincreasedcivity in GHB onthe
binding sitespreentin cortical membanes(Frau
et al., 1995) and a decreasén voluntay ETOH
intake after ingestionof GHB in its lactoneform
(Faddaetal., 1983).This effectwasassunedto be
medated by dopanine, since GHB and its
anabgues, when adminisered to animak in
dosesthat produ@ behavioual depresgin, cause
a significantincrea® in brain dopanine (Gesseet
al., 1966). Animals addicted to ETOH for
prolongedperiodsindeedshowa tolerance to the
dopaninergic effect of GBL administraion
(Lilj equistand Engel, 197; Nowycky and Roth,
1979.

METABOLIC INTERACTIONS

(a) Biochemicalbackgiound

Formation and metabdism of GHB. The
metabdic pathwgs of synthess and degrad&bn
of GHB havebeenextensvely studiedin rat brain
more thanin the liver. The metabolicstepslikely
to occuraredepictedin Fig. 1. In rat brain, it has
been clearly demonstated that GHB is formed
from GABA in vivo (Gold and Roth, 1977).
GABA is transaminatd to succintc semiddehyde
(SSA) andthe latter is reducedto GHB. Different
NADPH- and NADH-dependent SSA reductaes
respnsible for GHB formaton have been
descibed (Anderson et al., 1977). This is a
minor metabdic route for GABA; SSA, instead,
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is mainly oxidized to succint acid (SA), which
then entersthe Krebscycle.

Glutamic acid, which is transformedio GABA
by L-glutamicaciddecaboxylase hasbeenrelated
to GHB formation in animal brain (Santangllo et
al.,, 1978). 1,4 Butandaliol (1,4-BD) is also a
preairsor of GHB (Sprince 1969; Sneadet al.,
1982). Alcohol dehydogenas (ADH) (EC
1.1.1.1)preentin liver of animak and humans
has been claimed to be resmnsible for the
convesion of 1,4-BD to GHB (Bessnan and
McCabe 1972; Tabener et al., 1972; Pietruszko
et al.,, 1978). Howeve, this reaction probably
involves two enzymaic steps. The first step,
which is regulatedby ADH, is resmnsible for
the formation of y-hydroxybuyraldehyde, which
is then convertel to GHB (Poldrugo and Snead,
1986).

GHB, onceformed,disappees from brain with
a half-life of 5 min. GHB (Doherty et al., 1975)
and1,4-BD (Gessneetal., 1960)areconverta to
SSA and SA. The reaction converting GHB to
SSA is regulatedby an NADP*- and NAD™-
depenént GHB dehydpgenas of cytosolc loca-
tion in brain and liver (Kaufman and Nelson
1981). In animal and human liver, an action of
ADH in the convesion of GHB to SSA hasbeen
postlated (Vree et al., 1975, 1978; Poldugo et
al., 1989).Finally, an SSA dehydrognasegsucci-
nate-senialdehyde NAD* oxidoredwtase; EC
1.2.1.16.) (SSADH), a highly purified enzyme
respnsiblefor the conversionof SSAto SA, has
beenisolatedin brain (Cashetal., 1977).

It is alsopossibé that a minor GHB portion is
degraled through a p-oxidative pathway to
3,4-dihydroxybutyrate (DHB) (Walkenstein et
al., 1964, Jakobset al., 1981).

(b) Experinmental data

Studiesin vitro of theinteracton betweenGHB
andETOH areconflicting. ETOH andthe alcotol
dehydogenas inhibitor pyrazole(PY), (Theorel
et al., 1969)were found to haveno effect on the
brain redudaserespondble for the convesion of
succint semialdéyde (SSA) to GHB (Anderson
et al., 1977). Alcohol dehydogenasgADH) has
beenpropo®d to have a minimal (Tab&off and
von Wartbuig, 1975) or a promirent (Tabener,
1974) action on the reductionof SSAto GHB in
brain; the same enzyme does not affect the
convesion of the GHB to SSA (Kerkut and
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Fig. 1. Metabolic pathwaysof y-hydroxybutiric acid.

Tabener, 1971). Subseqant studieshavedenon-
straed that ETOH and PY do not interfere with
the enzymesrespondile for GHB formafion and
degralationin animalbrain (Dohertyetal., 1975;
Gold andRoth,1977;Poldiugo and Snead 1985).
ETOH, instea, inhibits the NADH-depement
formaton of GHB from SSA compeitively as
well asthe NAD *-dependentlegradabn of GHB
in the liver (and both reactionsare blocked by
PY), suggeting involvemert of ADH (Poldrugoet
al., 1989).Indeed horseliver ADH is alsoableto
degrale GHB in vitro (Poldrugoet al., 1989).
Another preairsor of GHB is 1,4-buanedid
(1,4BD) (Sprince 1969;Sneadet al., 1982).This
subsanceis presentin animal neural and extra-
neurd tissues (Bergelonetal., 1966;Sneadetal.,
1986 and in humans(Barker et al., 1985). The
metabdic soure of 1,4-BD is unknown.Exogen-
ously administered 1,4-BD is quickly convetedto
GHB (Poldrugo and Sread, 19847). ETOH was
found to inhibit GHB formation from 1,4-BD in
rat brain and liver homaenates(Poldrugo and
Sread, 1986). Although ADH is respondble for
this readion in animalandhuman liver (Bessnan
and McCabe 1972; Tabener et al., 1972;

Pietrugko et al., 1978), in rat brain an enzyme
othea than ADH is involved, sincethe reactionis
competitively inhibited by ETOH and not by PY
(Poldrugoand Sread,1986).

In vivo,b GHB and ETOH interact both in
animak and humans.Chronic ETOH ingestion in
ratsincreagsthe endogeousGHB contentin the
liver, but not in the brain (Poldrugo and Snead,
198%4). Cortrary to wha has been reportal
previoudy (Roth, 1970),thereis no effectin the
brain, except in the stritum, whereits contentis
deceased after acute ETOH administration
(Poldrugo, 1987). ETOH also exertsan action on
1,4-BD concentrations ContinuouseETOH admin-
istration increasesendog@ous 1,4-BD liver con-
tentin rats (Poldrugoet al., 198%); acuteETOH
administration, instead, deceasesGHB concen-
tration following 1,4-BD administation in rats
(PoldrugoandSread,1984a) andRhesusnonkeys
(Vreeetal., 1975).

In humans, GHB admninistration per oshasbeen
reportal to increag the concentration of endo-
genousETOH presentin the blood of detoxified
male chroric alcohdics (Burov et al., 1983). This
is a natural compound,which hasbeenimplicated
in the mechanismof action of ETOH in animals
(Liopo et al., 1991; Poldrwo et al., 1991) and
humans (Ostrovsk, 1986;Ostrovskyetal., 1989).
The degralation time of either GHB or ETOH
when adminisered simultaneouslyis also pro-
longed in alcoholcs (Vreeetal., 1976 Hoesetal.,
1978),an actionattributed to compeition for liver
ADH (Vree et al.,, 1975, 1978) in which the
circadian rhythm is still preserved (Hoes et al.,
1981).

PHARMACOLOGICAL INTERACTION

The pharmaologicd profiles of GHB and
ETOH show a close similarity. Both drugs exert
dosedependentbiphasic effects, ranging from
locomotor stimulaion to sedatimm (Maitre, 1997)
and posses anxiolytic (Krsiak et al., 1974) and
reinforcing (Koob etal., 1994 propeties. Further-
more, GHB and ETOH have similar discrimina-
tive stimulus effects, as demonstated by
symmetrical generaization in a recent drug
discrimination study (Colombo et al., 1995).

In animals,someauthorshave shownthat the
adninistration of GHB inhibits the behavioual
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effectsproducedby low dosesof ETOH (Cott et
al., 1976 Lil jequistet al., 1980).Higherdosesof
ETOH potentiae the behavioual effectsof GHB
andGBL, asmeasuedby the durationof ‘sleeping
time’ (Banetal., 1967;McCabeetal., 1970).Pre-
treatment of mice with GHB hasbeenshown to
deceasethe dose of ETOH required for anaes
thesa without increasng toxicity (Seebryakov,
1965.

In humans, low dosesof GHB andETOH have
beenrepoted to havemore of an additive thana
synegistic effect (Mattila et al.,, 1978). In
pharmacokinetic studes, higher dosesof GHB
were ableto inhibit the elimination rate of ETOH
(Vree et al., 1978). This could explain the
respratory arrestwhich has been more recently
repoted after the ingestion of GHB and heavy
ETOH intake (Einsprich and Clark, 1992).

PY increags the behaviarral effects of GHB
(Benon et al.,, 1974), but decrease the beha-
vioural effectsof 1,4-BD (Bessnanand McCabe
1972 Taberneret al., 1972). Prior administation
of ETOH s ableto suppresd4,4-BD convesionto
GHB as assssedthrough behavioual, electical,
biochemicd, and toxicological investigatons
(Poldrugoand Snead,1984n).

TOXICOLOGICAL EFFECTS

The most relevant effects of GHB are the
marked electroenephalogaphic (EEG) andbeha-
vioural change produced in animals. These
change conset of a ‘trance-like’ stateassocited
with paroxysnal electical activity. This was
initially thoudht to represent a ‘sleep’ state
(Helrich et al., 1964), but evidencehasaccunu-
lated indicating that the EEG and behavioual
changs induced by GHB represat a form of
seizure, rather than sleep which Winters and
Spooner (1965) subsguenty called ‘non-convu-
sive seizure’. Since then studies have denon-
stratd that GHB-inducedstupor and LRR were
asso@tedwith spiking onthe EEG and‘petit mal’
epilepy (Sned et al., 1976).A role for GHB, as
for othe short-dain fatty acids,in the pathogen-
esk of coma accompaying hepaic encegalo-
pathy (where stupr is seenwith striking EEG
changs), and also in patholodgc sleep (e.g.
Kline-Levin syndome) and neurdogical diseases
(e.g.Huntington’schorea)hasalso beensuggeted
(Sneal, 1977;Roth et al., 1979).More strikingly,
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GHB has beenimplicated in an inbom error of
metabdism with marked mertal retarchtion and
abnomal urinary GHB output(Jakobsetal., 1981,
Divry etal., 1983).

The LD5q of GHB (and 1,4-BD) variesfrom 1
to 2 g/kg body wt (Laboriit, 1964; Sprince, 1969;
Vickers, 1969). There are no data regading
histological damage after acute (Marcus et al.,
1967)or chroric (Nowycky andRoth,1979) GHB
administration. Howeve, the use of the substane
as a healthfood to promotebody building led to
severalcasesof poisoning in humans (Food and
Drug AdministrationAgency, 1991a,b; Thomaset
al., 1997). Side-efects depen@d on dosageand
included drowsiress, hypnaggic state,amresia,
involuntary movemants, ‘seizure-like’ activities,
and a comatosestate. The severity of symptoms
was potentatedby the presenceof ETOH.

The acute (Hinrichs et al., 1948) and chroric
(Knyshow, 1968) administation of 1,4-BD, the
preairsor mog suitable for GHB experments,
insteal, resultsin histological damage to brain,
liver, and kidney. Simultan@us adninistration of
ETOH potentiags this toxic effect and a role for
endogeous 1,4-BD in contributing to the toxic
effects of ETOH hasbeenpostulated(Poldrugoet
al., 198m,b).

CLINICAL STUDIES

(a) GHB usein condtions other than alcoholism

Greatclinical interestarosein the 1960swhen
the GHB molecule was introduced as a novel
anxiolytic drug. Its use was propo®d, through
uncontolled clinical studies, in anxiety and
depressivedisaders(DanonBoileauet al., 1962
du Couwedic et al., 1964; Rinaldi et al., 1967)and
in psychoticpatients(Tan&a et al., 1966). Since
then its usehasbeenrestrictedio sedatingpatients
in non-panful surgica procedures(Vickers 1969
McLennan and Parry, 1983) andin the treatment
of narmlepsy(Mamdak et al., 1986).

(b) GHB usein alcoholism

Seveal predinical studiesstimulatedresearch-
ersto investigae the possibk useof GHB in the
clinical treatment of ETOH addiction. GHB has
beenshownto inhibit voluntary ETOH consump-
tion in sPrats (Faddaet al., 1983), and suppress
tremas and convulsims following acetaldehyd
administration in mice (Andronovaand Barkov,
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1981 and ETOH withdrawal in physically al-
coholdependentats(PoldrugoandSnead,1984;
Faddh et al., 1989).

In humans, a double-blhd study denonstrated
that oral administration of a low dose (50 mg/kg
body wt) was very effective in suppessingthe
ETOH withdrawal syndiome (Gallimbeti et al.,
1989. The sameresearh group, later, showed
thatshort-tem treatmet with GHB per os(50 mg/
kg divided into 3 daily dosesfor 3 months)was
more effective than placebo in increasing the
numker of abstnent days and in redudng the
numker of daily drinksandsigns of ETOH craving
in alcoholic patiens (Gallimberti et al., 1992).

A neurdransmiter/neuronodulaor function of
GHB, mimicking the centraleffectsof ETOH, was
propo®d indicating the sameratiorale for using
GHB in the treatmentof alcoholsm asin the use
of methaane for heroinaddiction. GHB hasalso
beentestedin a very preliminary study conduded
in ETOH andheron addricts (Zolesiet al., 199).

More recently, the sanme dosageof GHB has
beengiven to alcoholicsfor 6 months(Addolorato
etal., 1995)followedby a 1-yeardrug+free period
(Addoloratoet al., 1996).Abstinencefrom ETOH
and cravng were consideredas outoome mea
sures. At the sametime, tolerability and safetyof
the drug were tested. The presnce of the drug
improved the abstnencerate during the 6-month
treament period and this effect coninued during
the drug{ree period. The drug wassafein geneal
and this was confirmed by the improvementin
values of labaatory markes of alcoholism
(Addoloratoet al., 1997a). Side-effectsof vertigo,
increaed sleepness,andfatigue werereportal in
30% of patients, but these resdved after 2-3
weeks of GHB use anddid not recurthereafer.

The optimal dosageof the drug is not yet
defined since GHB absoption andelimination are
capadty-limi ted bothin experimenal animalsand
alcoholic patients(Vree et al., 1978; Arena and
Fung, 1980; Ferrara et al., 1992). The first-pass
metabdism is also strongly implicated in the
appaently poor oral bioavailablity of GHB
(Lettieri and Fung, 1976). Very recent studies
have denonstratedthe advanage of the further
partition of the total doseof GHB into six instead
of threedaily dosesin non-respadentalcoholcs
(Addoloratoet al., 1998,b). A morerational way
to overcone this limitation would be to adjust the
drug regime to the individual GHB degradabn
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curve (or to find othe ways of predictig GHB
metabdism); or by produdng a sustaned-rebase
form of GHB.

(c) Potertial of abuse

In animals,both GHB and ETOH exert dose-
depene@nt biphast effects. Low dosesof GHB
produ@ euphoia in humans,but highea doses
produe sedation Althoughthe drug, at the doses
used for the treamment of alcoholsm, is well
toleraed, its euphoic effectsmakeit attrective as
a drug of abuse

In fact, a craving for GHB in weanirg alcohol-
ics using low dosesand resulting in 10% of
subgects abusing the drug, with a voluntary
increag of dosage six to seven times the
recanmendel levels has beenrepoted in con-
trolled studies(Addoloratoetal., 1996;1997). In
thesecases,if the abuseof GHB was repoted
immediately by the family membes andthe drug
withdrawn or reinstaed at the dosagepreviously
plamed, patientsreportedsigns of mild anxiety
andinsomna disgppearingin aboutl week.Thus,
theseobservabnssupportthe potential efficacy of
GHB in alcoholism maragementbut sugges its
use under strict clinical survadllance and super-
vision by membes of the family and of alcohd
rehailitation proglammes.Becaug of the risk of
abuse the dosageof the drug should not be
increagd (e.g.in non-respaders).

Recenly, othershave publishal a numter of
casereportson GHB abuseand physical depen-
dence after the drug was wrongly assumedto
induce euphorc, sedatve, and anabolic effects
(Galloway et al., 1997).

GENERAL CONCLUSIONS AND COMMENTS

Evidence has accumuéted on the very close
similarities of actionsexetedby ETOH andGHB
on the CNS. Although the predse scientfic basis
of thesesimilarities has yet to be defined, they
have beencorroboated by biochenical, geneic,
physblogicd, andpharmaologicd studies

Endaggenousalcohols are a natual target of
ADH in animals and humans. One of theseis
1,4-BD which is also a minor sourceof GHB.
Both substanes are normaly presntin humans
and both are substrées for ADH in the liver.
Resuts derived from researb (Poldrugo et al.,
198%) and recmsiderdion of previous lethal
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expefencesusing 1,4-BD (Hinrich et al., 1948)
havedefinitely discourgedthe useof this diol as
a prodrugfor the treatment of alcohdics. The last
expefmental use of the substane was 20 years
ago(vanDalenet al., 1978).

Among available drugs, GHB has remakable
effects in suppessing the ETOH withdrawal
syndome (Poldrugo, 1997) and in reducing
craving for alcoholin humans(Gallimbert et al.,
1992 Addodorato et al., 1996). The clinical
studes avaiable at preent indicat that GHB
could have an importantrole in the treament of
alcoholism.Howeve, the useof GHB beyondthe
detaxification period must be approachd with
cauton andunderclinical monitoring.

The simple strucure of GHB (and its limited
patentability) haveuntil recentlydiscouragedirug
companies from conduding apprgriate clinical
trials. Interestingy, the same reasons(being a
natual andinexpensivecompound) promped its
use in alcoholics in the former Sovie Union.
However, the intake of GHB (per os in a syrup
formulation) hasbeenlimited by the observaibn
that it quickly led to depenénce (Y. N. Burov,
persnal commurncation). Theseaddictiveprope-
ties have recently beenconfirmedin the United
Statesln addition,the preenceof epilepsyandbr
the concomitant useof anti-epileptic drugsshould
be ascerdined carefully (as contraindcations)
before using GHB.

Anotheraspecto takeinto consderationis that
of geneics. The dataaccunulatedin animalson
the genetic backgound of the relationsip
between ETOH and GHB actions could have
implicationsfor humans.Somesubjctsmay have
differencesin binding sites for GHB which are
regulted geneticaly. Othess may differ in GHB
metabdism, e.g. becauseof differences in liver
and gastric ADH; in the latter casewith evident
genderimplications.Future researb shouldbetter
define if alcoholcs differ in resporsesto GHB
(e.g.looking at individual EEG responseto GHB
or GHB metabdism) with the aim of characériz-
ing the subgoupsof alcoholcs who would benefit
more from the drug.

Another reasa for concen is the diffi culty in
defining the optimal GHB regime becase of its
shortlived effectsand due to the fact that ADH
and other liver enzymaticacivities are alteredin
alcoholics. The long-teem useof GHB in alcohot
ics could interfere with endog@ous 1,4-BD
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metabdism leading to possible effects which
have not yet been tested expeimentaly. Also,
thereis the assumpbn that concomtantintake of
ETOH and GHB could increa the concentration
of both compoundsin the body with consguent
potentiation of effects. Taking into account the
metabdism of the drug, a slow releag form of
GHB with a prolongedaction could increasethe
rate of positive outcomein alcoholismtreatment.

REFERENCES

Addolorato, G., Stefanini,G. F., Casella,G., Marsigli,
L., Caputo,F. and Gasbarrini,G. (1995) Evaluation
of thetherapeuticefficacy of gamma-hydroxybutyric
acid in the medium-term treatment of alcoholic
outpatients.Preliminary data from an open multi-
centric study. Alcologia: European Journal of
Alcohol Studies7, 233-236.

Addolorato,G., Castelli,E., Stefanini,G. F., CasellaG.,
Caputo,F., Marsigli, L., Bernardi,M. and Gasbar-
rini, G. (1996)An openmulticentricstudyevaluating
4-hydroxybutyricacid sodium salt in the medium-
term treatmentof 179 alcohol dependentsubjects.
Alcohol and Alcoholism31, 341-345.

Addolorato, G., Stefanini, G. F. and Gasbarrini, G.
(1997a) Manageabilityand tolerability of gamma-
hydroxybutyricacid in the medium-termoutpatient
treatmentof alcoholism. Alcoholism: Clinical and
ExperimentalResearch21, 380.

Addolorato, G., Caputo, F., Stefanini, G. F. and
Gasbarrini,G. (199h) Gamma-hydroxybutyri@acid
in the treatmentof alcohol dependencepossible
craving developmentfor the drug. Addiction 92,
1041-1042.

Addolorato, G., Cibin, M., Capristo, E., Beghe’, F.,
Gessa,G. L., Stefanini, G. F. and Gasbarrini,G.
(199&) Maintaining abstinencefrom alcohol by
gamma-hydroxybutyri@cid. Lancet351, 38.

Addolorato, G., Cibin, M., Caputo, F., Capristo, E.,
Gessa,G. L., Stefanini, G. F. and Gasbarrini,G.
(1998) Gamma-hydroxybutyricacid in the treat-
ment of alcoholism: dosagefractioning utility in
non-respondealcoholic patients.Drug and Alcohol
Dependencen press.

Anderson,R. A., Ritzmann, R. F. and Tabakoff, B.
(1977) Formation of gamma-hydroxybutyratein
brain. Journal of Neurochemistry28, 633-639.

Andronova,L. M. andBarkov, N. K. (1981)The effects
of neurolepticstranquillizers,narcotics,antidepres-
santand anticonvulsivedrugs on the alterationsof
mousebehaviourcausedby acetaldehydeDrug and
Alcohol Dependenc®, 85-92.

Arena,C. andFung,H. L. (1980)Absorptionof sodium
gamma-hydroxybutyrateand its prodrug gamma-
butyrolactonerelationshipbetweenn vitro transport
and in vivo absorption.Journal of Pharmaceutical
Science$9, 356-358.



GHB IN THE TREATMENT OF ALCOHOLISM

Ban, T., Takaori, S., Sasa,M. and Shimamoto, K.

21

Pharmacology24, 469-474.

(1967) The central action of gamma-butyrolactone Doherty,J.D., Hattox,S.E.,SneadQ. C.andRoth,R.H.

and gamma-hydroxybutyrateJapaneseJournal of
Pharmacologyl7, 30-45.

Barker,S. A., SneadO. C., Poldrugo,F., Liu, C. C. F.
P. and Settine,R. L. (1985) The identification and
quantitationof 1,4 butanediolin mammaliartissues:
an alternative biosynthetic pathway for gamma-
hydroxybutyric acid. Biochemical Pharmacology
34, 1849-1852.

Benavides)J., Rumigny,J. F., BourguignonJ. J., Cash,
C., Wermuth,C. G., Mandel,P., Vincendon,G. and
Maitre, M. (1982) High affinity binding site for
gamma-hydroxybutyric acid in rat brain. Life
Sciences30, 953-961.

Benton,D., Kyriacou,C. P.,Rick, J. T. andTabernerp.
V. (1974)Behaviouralnteractionsbetweenmidazol
aceticand gamma-hydroxybutyriacidsin rats and
mice. European Journal of Pharmacology 27,
288-293.

Bergelson,L. D., Vaver, V. A., Prokazova,N. V.,
Ushakov,A. N. and Popkova,G. A. (1966) Diol
lipids. Biochimicaet BiophysicaActa116, 511-520.

Bessman,S. P. and McCabe, E. R. B. (1972) 1,4
Butanediol— a substratdor ratliver andhorseliver
alcohol dehydrogenaseBiochemicalPharmacology
21, 1135-1142.

Burov, Y. N., Treskov, V. G., Drozdov, E. S. and
Kovalenko,A. E. (1983) Effect of tranquillizerson
blood endogenousethanol level in alcoholics.
Biulletin ExperimentalnoiBiologii i Meditsiny 95,
60-62.

Cash, C., Ciesielski, L., Maitre, M. and Mandel, P.
(1977) Purification and properties of rat brain
succinic semialdehyde dehydrogenaseBiochimie
59, 257-268.

Colombo,G., Agabio, R., Lobina, C., Reali,R., Fadda,
F. and Gessa,G. L. (1995) Symmetrical general-
ization betweenthe discriminative stimulus effects
of gamma-hydroxybutyriacid and ethanol: occur-
rence within narrow dose ranges.Physiology and
Behavior57, 105-111.

Colombo,G., Agabio,R., Lobina, C., Loche,A., Reali,
R. and Gessa,G. L. (1998) High sensitivity to
y-hydroxybutyricacid in ethanol-preferringsP rats.
Alcohol and Alcoholism33, 121-125.

Cott, J.,CarlssonA., Engel,J.andLindqvist, M. (1976)
Suppressiorof ethanol-inducedocomotor stimula-

tion by GABA-like drugs.Naunyn-Schmiedeberg’s

Archivesof Pharmacology295 203-209.

Danon-Boileau, H., Lavitry, S., Lab, P., Levy, E.,
Ruffiot, S. and Laborit, H. (1962) Utilisation en
psychiatriedu gamma-OH.La PresseMedicale 70,
2205-2207.

Divry, P., Baltassat,P., Rolland, M. O., Cotte, J.,
Hermier,M., Duran,M. andWadman,S. K. (1983)
A new patient with 4-hydroxybutyric aciduria, a
possible defect of 4-aminobutyrate metabolism.
Clinica ChimicaActa 12, 303-309.

Doherty, J. D., Stout, R. W. and Roth, R. H. (1975)
Metabolism of [1-1*C]-hydroxybutyric acid in rat
brain after intraventricular injection. Biochemical

(1978) Identification of endogenougamma-hydro-
xybutyrate in human and bovine brain and its
regional distribution in human, guinea-pig, and
rhesus monkey brain. Journal of Pharmacology
and ExperimentalTherapeutic207, 130-139.

du Couedic,H., du Couedic,A. andVoisse,M. (1964)
Contributiona I'étude du 4-hydroxybutyratede Na
(40H) dans le traitment des états anxieux aigus.
Agressologies, 73-83.

Dudek, B. C. and Fanelli, R. J. (1980) Effects of
gamma-butyrolactoneamphetamineand haloperi-
dol in mice differing in sensitivity to alcohol.
Psychopharmacolog$5, 711-721.

Einspruch,B. C. and Clark, S. M. (1992) Near fatality
resultsfrom healthfood storesleepingpotion. Texas
Medicine 88, 10.

FaddaF., Argiolas,A., Melis, M. R., De Montis, G. and
Gessa. L. (1983)Suppressionf voluntaryethanol
consumptionin rats by gamma-butyrolactonel ife
Sciences32, 14711477.

Fadda,F., Mosca, E., Colombo, G. and Gessa,G. L.
(1989) Suppressiorby gamma-hydroxybutyriacid
of ethanolwithdrawalsyndromen rats.Alcohol and
Alcoholism24, 447-451.

Ferrara, S. D., Zotti, S., Tedeschi, L., Frison, G.,
Castagna,F., Gallimberti, L., Gessa,G. L. and
Palatini, P. (1992) Pharmacokineticsof gamma-
hydroxybutyric acid in alcohol dependentpatients
after single and repeatecdbral doses British Journal
of Clinical Pharmacology34, 231-235.

Food and Drug Administration Agency (1991a) Multi-
state outbreakof poisoningsassociatedwith illicit
use of gamma hydroxybutyrate. Journal of the
AmericanMedical Association265, 447-448.

Food and Drug Administration Agency (1991b) Warn-
ing about GHB. Journal of the American Medical
Association265, 1802.

Frau,M., Colombo,G., MarcheseG., Stefanini,E. and
Gessa,G. L. (1995) Different affinity of cortical
GHB binding sites in Sardinianalcohol-preferring
(sP) and non-preferring (SNP) rats. Alcohol and
Alcoholism30, 133-137.

Gallimberti, L., Canton, G., Gentile, N., Cibin, M.,
Ferri, M., Ferrara,S. D., FaddaF. andGessaG. L.
(1989) Gamma-hydroxybutyricacid for the treat-
ment of alcohol withdrawal syndrome.Lancet ii,
787-789.

Gallimberti, L., Ferri, M., Ferrara,S. D., Fadda,F. and
GessaG. L. (1992) Gamma-hydroxybutyri@cid in
the treatmentof alcoholdependencea doubleblind
study. Alcoholism: Clinical and Experimental
Researchl6, 673-676.

Galloway, G. P., Frederick, S. L., Staggers,F. E.,
GonzalesM., Stalcup,S. A. andSmith,D. E. (1997)
Gamma-hydroxybutyrateinemergingdrug of abuse
that causes physical dependence.Addiction 92,
89-96.

Gessa,G. L., Vargiu, L., Crabai, F., Boero, G. C.,
Caboni,F. andCamba,R. (1966) Selectiveincrease
of brain dopamineinducedby gamma-hydroxybuty-



22

rate.Life Sciences, 19211930.

GessaG. L., Crabai,F., Vargiu, L. and Spano,P. F.
(1968) Selectiveincreaseof braindopamineinduced
by gamma-hydroxybutyratestudyof the mechanism
of action.Journal of Neurochemistryl5, 377-381.

GessnerP. K., Parke,D. V. andWilliams, R. T. (1960)
Studies in detoxication. 80. The metabolism of
glycols. BiochemicalJournal 74, 1-5.

Giarman, N. J. and Roth, R. H. (1964) Differential
estimation of gamma-butyrolactoneand gamma-
hydroxybutyricacid in rat blood and brain. Science
145, 583-584.

Gold, B. I. andRoth, R. H._ (1977) Kinetics of in vivo
conversion of gamma3(H)aminobutyric acid to
gammaZ(H)hydroxybutyricacid by rat brain. Jour-
nal of Neurochemistry28, 1069-1073.

Helrich, M. D., McAsian, T. C., Skolnik, S. and
Bessman,S. P. (1964) Correlationof blood levels

of 4-hydroxybutyratewith state of consciousness.

Anesthesiologp3, 771-775.

Hinrichs, A., Kopf, R. and Loeser, A. (1948) Zur
Toxicologie des 1,4-Butanediol. Pharmazia 3,
110-116.

Hoes, M. J., Vree, T. B. and Guelen, P. J. (1978)
Enhancedplasmaconcentrationsof gamma-hydro-
xybutyric acid in alcoholics. British Journal of
Addiction 73, 423-424.

Hoes, M. J., Vree, T. B. and Guelen, P. J. (1981)
Circadian rhythm in plasma concentrations of
gamma-hydroxybutyricacid in alcoholics. Interna-
tional Journal of the Addictions16, 10711075.

Jakobs, C., Bojasch, M., Monch, E., Rating, D.,
Siemens, H. and Hanefeld, F. (1981) Urinary
excretionof gamma-hydroxybutyriacidin a patient
with neurologicalabnormalitiesThe probability of a
new inborn error of metabolism.Clinica Chimica
Acta 111, 169-178.

Kaufman, E. E. and Nelson, T. (1981) Kinetics of
coupled gamma-hydroxybutyratexidation and p-
glucuronate reduction by an NADP dependent
oxidoreductase.Journal of Biological Chemistry
256, 6820-6824.

Kerkut, G. A. and Taberner,P. V. (1971) Hypnogenic
propertiesof succinicsemialdehydeandits fatty acid
derivates. British Journal of Pharmacology 43,
439R-440P.

Koob, G. F., Rassnick,S., Heinrichs,S. and Weiss, F.
(1994) Alcohol, the rewardsystemand dependence.
In Towardsa Molecular Basis of Alcohol Use and
Abuse Jansson,B., Javall, H., Rydberg, U.,
Terenius,L. and Vallee, B. L. eds, pp. 103-114.
Birkéuser,Basel.

Knyshova,S. P. (1968) Biological effect and hygienic
significance of 1,4-butynedioland 1,4-butanediol.
Hyg Sanit33, 41-46.

Krsiak, M., Novakova,D., Paclt,I. andOstrovskayaR.
U. (1974) Effect of sodium hydroxybutyrate on
behaviorof mice after prolongedisolation. Bulletin
of ExperimentaBiology and Medicine77, 288-291.

Laborit, H. (1964) Sodium4-hydroxybutyratelnterna-
tional Journal of Neuropharmacolog, 433-452.

Lettieri, J. T. andFung,H. (1976) Absorptionandfirst-

F. POLDRUGOandG. ADDOLORATO

pass metabolism of *C-gamma-hydroxy-butyric
acid.ResearciCommunicationin ChemicalPathol-
ogy and Pharmacologyl3, 425-437.

Lettieri, J. T. and Fung, H. (1978) Improved pharma-
cological activity via pro-drug modification: com-
parative pharmacokinetics of sodium gamma-
hydroxybutyrate  and gamma-butyrolactone.
ResearchCommunicationsn Chemical Pathology
and Pharmacology22, 107-118.

Liljequist, S. andEngel,J. (1979) The effect of chronic
ethanol administrationon central neurotransmitter
mechanismsMedical Biology 57, 198-210.

Liljequist, S., Berggren,U. and Engel, J. (1980) Effect
of ethanolon the central GABAergic mechanism.
Drug and Alcohol Dependenc®, 74-75.

Liopo, A. V., Bykov, I. L. and Poldrugo, F. (1991)
Ethanolamineaffects the dynamicsof blood endo-
genous ethanol during the alcohol withdrawal
syndrome.Alcoholism: Clinical and Experimental
Researchl5, 331.

Maitre, M. (1997) The gamma-hydroxybutyratsignal-
ling systemin brain: organizationand functional
implications.Progressin Neurobiology51, 337-361.

Mamelak, M., Scharf, M. and Woods, M. (1986)
Treatmentof narcolepsywith gamma-hydroxybuty-
rate: a review of clinical and sleep laboratory
findings. Sleep9, 285-289.

Marcus,R. J.,Winters,W. D., Mori, K. andSpooner(C.
E. (1967) EEG changesand behavioralcomparison
of the effects of gamma-hydroxybutyrategamma-
butyrolactoneand short chain fatty acidsin the rat.
International Journal of Neuropharmacology6,
175-185.

Mattila, M. J., Palva,E., Sepp#, T. and Ostrovskaya,
R. U. (1978)Actionsandinteractionswith alcoholof
drugson psychomotorskills: comparisonof diaze-
pam and gamma-hydroxybutyric acid. Archives
Internationalede Pharmacodynamiet de Therapie
234, 236-246.

McCabe,E. R., Layne,E. C., Sayler,D. F., SlusherN.
andBessmans. P. (1970) Synergyof ethanolanda
natural soporific gamma-hydroxybutyrate.
Sciencel71, 404-406.

McLennan, F. M. and Parry, J. W. L. (1983)
GammahydroxybutyrateAnaesthesi88, 598-599.
Meldrum, B. (1981) GABA-agonist as anti-epileptic
agent. Advancesin Biochemical Psychopharma-

cology 26, 207-217.

Nelson,T., Kaufman,E. E., Kline, J. and Sokoloff, L.
(1981) The extraneuronaldistribution of gamma-
hydroxybutyrate. Journal of Neurochemistry 37,
1345-1348.

Nowycky, M. C. and Roth, R. H. (1979) Chronic
gamma-butyrolacton¢GBL) treatment:a potential
modelof dopaminehypoactivity. Naunyn-Schmiede-
berg’'s Archivesof Pharmacology309, 247-254.

Ostrovsky, Y. M. (1986) Endogenousethanol — its
metabolic, behavioraland biomedical significance.
Alcohol 3, 239-247.

Ostrovsky, Y. M., Pronko, P. S., Shishkin, S. N.,
Koleshnikov, V. B. and Volynets, S. I. (1989) An
attempt to evaluate diagnostic and prognostic



GHB IN THE TREATMENT OF ALCOHOLISM

significanceof blood endogenousthanolin alcohol-
ics andtheir relatives.Alcohol 6, 97-102.

Pietruszko,R., Voigtlander, K. and Lester, D. (1978)
Alcohol dehydrogenas&om humanand horseliver
— substrate specificity with diols. Biochemical
Pharmacology27, 1296-1297.

Poldrugo,F. (1987) Effect of ethanolon brain gamma-
hydroxybutyric acid concentration. Alcohol and
Alcoholism22, 227-229.

Poldrugo,F. (1997)Integrationof pharmacotherapidaa
theexistingprogramdor thetreatmenof alcoholics:
an international perspective.Journal of Addictive
Diseases16, 65-82.

Poldrugo,F. and Snead,0. C. (1984a) 1,4 Butanediol,
gamma-hydroxybutyricacid, and ethanol: relation-
ships and interactions. Neuropharmacology 23,
109-113.

PoldrugoF. andSneadQ. C. (19840) Endogenousiver
gamma-hydroxybutyric acid metabolism in the
presenceof ethanol. ResearchCommunicationsn
SubstanceAbuseb, 261-278.

Poldrugo,F. and Snead 0. C. (1985) Effect of ethanol
and acetaldehyden gamma-hydroxybutyri@cid in
rat brain and liver. Substanceand Alcohol Actions/
Misuseb, 263-271.

Poldrugo, F. and Snead,O. C. (1986) 1,4-Butanediol
andethanolcompetefor degradatiorin rat brainand
liver in vitro. Alcohol 3, 367-370.

Poldrugo,F., Snead,0. C. and Barker, S. A. (198%)
Chronicalcoholadministrationproducesanincrease
in liver 1,4-butanediolconcentration.Alcohol and
Alcoholism20, 251-253.

Poldrugo,F., Barker, S. A., Basa,M., Mallardi, F. and
Snead,O. C. (198%) Ethanol potentiatesthe toxic
effects of 1,4-butanediol Alcoholism: Clinical and
ExperimentalResearchd, 493-497.

Poldrugo,F., Monti, J. A., Snead Q. C. and Ostrovsky,
S. Y. (1989) Characterizationof gamma-hydroxy-
butyric acid and succinic semialdehydemetabolism
in rat liver. Doklady Akademii Nauk BSSR 33,
750-753.

Poldrugo, F., Bykov, I. and Ostrovsky,S. Y. (1991)
Sodium valproate effect on ethanol withdrawal is
mediated by endogenousethanol. Neuroscience
SocietyAbstracts17, 173.

Rinaldi, F., Puca,F. M., Matrosimone F. and Memoli,
G. (1967)Sull'impiego del gamma-idrossibutiratdi
sodio in terapiapsichiatrica.Acta Neurologica 22,
21-41.

Roth, R. H. (1970) Formationand regionaldistribution
of gamma-hydroxybutyriacidin mammalianbrain.
BiochemicalPharmacologyl9, 3013-3019.

Roth, R. H., Ando, N., Simon, J. R., Bird, E. D. and
Gold, B. I. (1979) Gamma-hydroxybutyratealtera-
tions in endogenousbrain levels in Huntington’s
diseaseAdvancesn Neurology23, 557-566.

Roth, R. H., Doherty, J. D. and Walters, J. R. (1980)
Gamma-hydroxybutyratea role in the regulationof
centraldopaminergicneurons Brain Researchl189,
556-560.

Santaniello, E., Manzocchi, A. and Tosi, L. (1978)
Evaluationof gamma-hydroxybutyratéormed from

23

L-glutamateby mousebrain homogenateJournal of
Neurochemistry81, 11171118.

Serebryakov. A. (1965) Effect of sodium gamma-
hydroxybutyratecombinedwith anaestheticsFed-
eration Proceedings [Transl Suppls.] 24,
T554-T556.

Snead, O. C. (1977) Gamma-hydroxybutyrateL.ife
Science<20, 1935-1944.

Snead,O. C. and Bearden, L. J. (1980) Naloxone
overcomesthe dopaminergic,EEG, and behavioral
effects of gamma-hydroxybutyrateNeurology 30,
832-838.

Snead,O. C. and Morley, B. J. (1981) Ontogeny of
gamma-hydroxybutyriacid. Regionalconcentration
in developing rat, monkey and human brain.
DevelopmentaBrain Research227, 579-589.

Snead0Q. C., Yu, R. K. andHuttenlocherP.R. (1976)
Gammahydroxybutyrate:correlation of serumand
cerebrospinalfluid levels with electroencephalo-
graphicandbehavioraleffects.Neurology26, 51-56.

Snead,O. C,, Liu, C. C. and Bearden,L. J. (1982)
Studieson the relation of gamma-hydroxybutyric
acid (GHB) to gamma-aminobutyriacid (GABA).
Evidencethat GABA is not the sole sourceof GHB
in rat brain. Biochemical Pharmacology 31,
3917-3923.

Snead,O. C., Poldrugo,F. and Barker, S. A. (1986)
Presenceof 1,4-butanediolin neuronaland extra-
neuronaltissue.NeurosciencesocietyAbstracts12,
285.

Spano,P. F. and PrzegalinskiE. (1973) Stimulation of
serotonin synthesisby anaestheticand nonanaes-
thetic dosesof gamma-hydroxybutyratée?harmaco-
logical ResearchCommunication®, 55-69.

Sprince,H. (1969) Congenerf gamma-hydroxybuty-
ratein relationto depressarandconvulsan@activity.
Biological Psychiatry1, 301-315.

Tabakoff,B. andvon Wartburg,J.-P.(1975) Separation
of aldehydereductaseand alcohol dehydrogenase
from brain by affinity chromatographymetabolism
of succinic semialdehydeand ethanol.Biochemical
and Biophysical Research Communications 63,
957-966.

TabernerP. V. (1974) Alcohol dehydrogenasactivity
in rat brain: evidencefor the metabolismof succinic
semialdehyddo gamma-hydroxybutyratéBiochem-
ical Pharmacology?23, 1219-1220.

Taberner,P. V., Rick, J. T. and Kerkut, G. A. (1972)
Metabolic factors involved in the interaction
betweenpyrazole and butane-1,4-dioland gamma-
hydroxybutyricacid. Life Sciencesll, 335-341.

Tanaka, Z., Mukai, A., Takayaragi, Y., Muto, A,
Mikami, Y., Miyakoshi, T., Araya, M., Ohdaira,T.
and Aizawa, H. (1966) Clinical application of 4-
hydroxybutyrate sodium and 4-butyrolactone in
neuropsychiatrigpatients Folia PsychiatricaNeuro-
logica Japonica20, 9-20.

Theorell,H., Yonetani,T. andSjoberg B. (1969)Onthe
effects of some heterocyclic compoundson the
enzymaticactivity of liver alcohol dehydrogenase.
Acta Chimica Scandinavica23, 255-260.

ThomasG., Bonner,S.andGascoigneA. (1997)Coma



24 F. POLDRUGOandG. ADDOLORATO

inducedby abuseof gama-hydroxybutyratéGHB or xybutyric acid in man, rhesusmonkey and dog. In
liquid ecstasy): a case report. British Medical Neue Untersuchungenmit Gamma-hydroxibutter-
Journal 314, 35-36. saure Frey, R. ed., pp. 21-39. Springer,Berlin.

vanDalen,R., Vree, T. B. andGimbrere J.S.F. (1978) Walkenstein,S. S., Wieser, R., GudmundsenC. and
The use of butanediol-1,4as a sedativein man.In Kimmel, H. (1964) Metabolism of gamma-hydro-
Neue Untersuchungenmit Gamma-hydroxibutter- xybutyric acid. Biochimica et BiophysicaActa 86,
saure Frey,R. ed.,pp. 74-81. Springer,Berlin. 640-642.

Vayer, P., Mandel, P. and Maitre, M. (1987) Gamma- Walters, J. R. and Roth, R. H. (1977) Gamma-
hydroxybutyrate,a possible neurotransmitter.Life hydroxybutyrate:considerationof endogenousole
Science#l, 15471557. and therapeuticapotential. In Neuroregulatorsand

Vickers, M. (1969) Gammahydroxybutyri@cid. Inter- Psychiatric Disorders Usdin, E., Hamburg,D. A.
national Anesthesi&Clinics 7, 75-89. and Barchas, J. D., eds, pp. 403-414. Oxford

Vree, T. B., Baars,A. M. andvanderKleijn, E. (1975) University PressNew York.
Capacity-limited elimination of 4-hydroxybutyrate Winters, W. D. and Spooner,C. E. (1965) Various

(GammaOH"), ethanoland vinylbital (Bykonox®). seizureactivitiesfollowing gamma-hydroxybutyrate.
PharmaceutisctWeekbladl10, 12571262. International Journal of Neuropharmacology4,
Vree, T. B., vanderKleijn, E., van der Bogert,A. G., 197-200.
Hoes, M. and Gimbrere, J. S. F. (1976) Clinical Zolesi, O., Daini, L., Capone,M. R., Aglietti, M.,
toxicology of centraldepressarandstimulantdrugs. Raimondi,F. and Maremmani,l. (1994) The useof
In Clinical Pharmacyand Clinical Pharmacology GHB in anticraving therapy. Preliminary experi-
Gouveia,W. A., Tognoni,G. andvanderKleijn, E. mental data of its use in alcohol and heroin
eds,pp. 67-87. North Holland, Amsterdam. dependencdn Drug Addictionand RelatedClinical

Vree,T. B.,, Damsma,J.,vandenBogert,A. G. andvan Problems pp. 57-62. Springer,Vienna.
der Kleijn, E. (1978) Pharmacokineticef 4-hydro-



