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f. Ternary Complexes: Significance and Use. Pyrazol
isobutyramide (82,95,96) and o-phenanthroline (97,98) are w
known inhibitors of ADH. Pyrazole forms a ternary complex
horse ADH and HAD (85) but not with NADH; a similar comple
to be formed with the human enzyme (11). Isobutyramide is
tive with aldehyde and ketone but not with alcohol substrat
96) and forms ternary complexes with reduced but not oxidiz
nucleotides. These differences between pyrazole and isobu
indicate that the alcohol and aldehyde binding sites of AD
the same. To explain this inhibitor differentiation betwe
strate and product, Theorell (6) proposed a mechanism invo
alternate points of attachment for oxidized and reduced fo
pyridine nucleotides. How this is brought about in the pr
catalysis is not yet understood but a change in the confor
the active site during the hydride ion transfer is a possi
(126). Ternary complexes of ADH with pyrazole and isobuty
serve as models of the catalytic ternary complexes; and be
dissociation constants of these complexes are low, they ar
ful for the determination by titration of ADH normality.
throline inhibits ADH by complexing Zn** at the active sit
and is a competitive inhibitor with respect to coenzyme; t
hibitor competes with the nicotinamide (97) but not with t
sine-diphosphate-ribose moiety (98) of the coenzyme.
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g. Substrate Specificity . ADH has a broad substrate
city, including primary and secondary (but not. tertiary) s
aliphatic and aromatic alcohols and corresponding aldehyde
ketones. The substrate specificity of horse (79,80,101,10
and human liver ADH (37,104), with respect to the above co
have been adequately reviewed (6,9). Substrate specificit
liver ADH resembles that of horse and human enzymes (41,42

In 1965 (37), it was first reported that methanol was
strate for the human ADH. It is now established that met
also a substrate for the horse ADH (105) as well as for t
(42). The maximum velocity Vmax with methanol as substra
_
human and horse liver ADH is similar (105).. 2,3-unsaturat
hols (17,12) and polyenoic alcohols such as farnesol (106)
.,.
Cyclic
nol (13,16) are substrates for all three enzymes.
a
lcohols such as cyclohexanols and cycloheptanols, but no
pentanols, are reversibly oxidized by liver ADH (9,107).
substrates for ADH include nitro-substituted benzyl alcoho
l
r '` N -alkylated aminoalcohols such as 2-dimethylaminoethano
"
(109) but not at pH 7.0, glycerol (14), pantothenyl alcoho
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dicted at the temperatures employed (37°) in our perfusions a
in
(such as glycola
any hydrogen peroxide-generat g substrates
y
( ra
the
during
aperfusion
urate) were generated metabolicall
e at
gh
to 45 umoles/g/h at 30° with 1 mM urate (36)),
y that xanthine ox
concentrations (39). Also, the possibilit
generates hydrogen peroxide from acetaldehyde at higher etha
concentrations cannot be ruled out at this time. Until exac
of hydrogen peroxide production can be determined
at high et
y will remain un
concentrations, this problem of stoichiometr

While these data clearly indicate that catalase is impo
in ethanol metabolism in perfused rat liver at high ethanol
trations, one must be cautious in extrapolating these findin
other species. For example, methanol oxidation in monkeys w
shown to be much more pyrazole sensitive than in the rat (60
suggesting that catalase may be more important in rat than i
species. However, before precise quantitation of the role o
nol metabolizing systems in different species can be made, t
tions of the type shown in Table 3 need to be performed in
y
species, especiall man.

by Hydrog en Pero
a. Ac tivation of Ethanol Utilization
and
Chance (37) hav
Generating Subst rates. Boveris, Oshino
that various compounds were effective activators of hydroge
xide generation in various compartments of the cell. For e
antimycin A was shown to activate hydrogen peroxide product
mitochondria, menadione activates hydrogen peroxide product
the endoplasmic reticulum (43), and hypoxanthine, a substra
xanthine oxidase, should generate hydrogen peroxide in the c
The addition of these agents to perfused liver,yas well as
tion of hydrogen peroxide, did not significantl alter e the
ethanol utilization in the presence of 4-methylpyrazol (Ta
However , the addition of substrates for the peroxisomal hy
peroxide-generating flavoproteins glycolate oxidase,
urate*
y
(40), and D-amino acid oxidase (41) significantl activated
rate of ethanol utilization at high concentrations of ethan
to 50 mM; Table 2). This activation of ethanol metabolism
prove significant clinically. As glycolate and urate are t
compounds, D-amino acids show the most promise as potentia
tors of hepatic ethanol metabolism.
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substrates for the enzyme active sites. Typical ex
competitive inhibition will be briefly discussed.

a. Accumulation of Methanol in Ethanol-Drinki
will be discussed in greater detail later in this c
accumulation of methanol in blood and urine has bee
to occur in all human subjects and nonhuman primate
longed periods of consumption of alcoholic (ethanol
(10,11,12,13). Although traces of methanol are fou
urine of healthy human subjects (14), methanol does
normally because it is metabolized rapidly. Moreov
both methanol and ethanol can be metabolized by the
systems, the kinetics of the reactions differ. The
Pietruszko and Theorell indicate that alcohol dehyd
methanol at approximately one-tenth of the rate of
-3
With Km values of 6.9 x 10 -3M and 1.5 x 10 M, for
ethanol respectively, as found for isolated human l
hydrogenase, concentrations of ethanol above these
severely inhibit methanol oxidation. This, in fact
with that found in the blood of alcoholic persons (
4.3 x 10- 3M) (10). Thus, during prolonged periods
large quantities of alcoholic beverages, alcohol de
other contributing enzyme systems are primarily uti
metabolism of ethanol resulting in the competitive
the oxidation of methanol. In view of the above ob
postulated that one of the physiological functions
hydrogenase under normal conditions is the oxidativ
endogenously formed methanol.

b. Biogenic Amine Condensation Products . It
that aldehydes react with biogenic amines to form S
intermediates which, in turn may give rise to such
ducts as tetrahydroisoquinolines, tetrahydro-s-car
loid precursors such as tetrahydropapaverolines (1
it has been suggested that the addictive propertie
be related in part to the concentration of acetald
during the metabolism of ethanol and to subsequent
various compounds, some of them similar to opium al
21,96). To fulfill the requirement for the formati
loids, it would be essential that the proper react
hydes derived from biogenic amines, would accumula
the presence of pharmacological concentrations of
taldehyde. Kinetic studies with rat brain mitochon
6
dehydrogenase revealed that 2.6 x 10- M acetaldehy

that the site of ethanol inhibition of metabolism is probably asso
ciated with that part of the metabolic system that is dependent on
the normal functioning of neuronal cell membranes. Thus, ethanol'
inhibition of cerebral metabolism probably has little direct relation to the peripheral or central metabolism of ethanol. The effects of ethanol on neuronal membrane and CNS functions have been
extensively discussed by Kalant.(99) and Grenell (55) and the read
is referred to these excellent reviews (Also see Hunt; this volume

Finally, it may be inferred that the inhibition of various p
ways of metabolism in the liver is directly related to the rates o
the metabolism of ethanol. The more rapid the rate, the greater
restriction on the availability of coenzymes (NAD,CoA) for general
metabolism. In the brain, however, where ADH activity is extremel
low, the access to NAD by endogenous substrates is not much impede
and does not inhibit the cerebral metabolism in this manner.

D. BLOOD CONCENTRATIONS OF ETHANOL, ACETALDEHYDE, ACETATE AND
METHANOL DURING ACUTE AND CHRONIC ADMINISTRATION OF ALCOHOLIC
BEVERAGES IN HUMANS AND ANIMALS

Alcohol consumed via the gastrointestinal tract is mostly absorbed into the blood and is distributed throughout the body depen
ing upon the water content of particular tissues. About 90 to 95%
of the administered ethanol passes through the liver where it is
metabolized to acetaldehyde and, subsequently, to acetic acid. As
was indicated earlier (Sections B and C), the inhibitory effects o
ethanol on liver metabolism are the consequence of its own metabolism in the liver. Since the metabolism of ethanol in the brain
is insignificant (53,38,44), any effects on brain metabolism due t
peripheral metabolism of ethanol would be mediated through the
metabolites of ethanol released from the liver and transported into the brain via the blood stream. Furthermore, the concentration
of ethanol in the brain and in other organs of the body depend
Primarily on the concentration of ethanol in the blood. The kinetics of ethanol absorption, distribution and elimination have been
d
iscussed thoroughly in an excellent review by Kalant (56); therefore,
this section will be directed towards the concentrations of
e
thanol and related substances in the blood of alcoholic subjects
during long-term alcohol intake which has been recently studied in
this laboratory (10,13,41).

dehyde or methanol or acetate were carried out
of the studies. The determinations were done u
The blood samples were treated with zinc sulfa
xide and the gas chromatographic analyses of th
were carried out by using an automated modific
hod originally described by Roach and Creaven
taldehyde concentrations were determined using
the machine.
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FIGURE 1: The concentrations of ethanol, aceta
methanol in the blood of an alcoholic subject c
throughout the drinking period. All concentrat
in milligrams per deciliter (mg/dl) of blood.

the

ethanol levels fluctuated between 50 and 500 mg/dl and usually were
high enough to sustain a significant degree of clinical intoxication
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0,41).

(10,41).
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Acetaldehyde

The first step in the
a. Methodological Considerations.
metabolism of ethanol is the formation of acetaldehyde. Since acetaldehyde suppresses a number of metabolic processes in isolated
it has been suggested
body organs and tissue preparations in vitro
that a number of effects usually associated with either acute or
chronic administration of alcoholic beverages are mediated by acetaldehyde generated during ethanol metabolism (54,98,40,87,60).
It is well known that acetaldehyde metabolism is quite rapid and
occurs at a faster rate than the oxidation of ethanol to acetaldehyde (See B.V. Plapp, This volume). Thus, it could be predicted
that very little acetaldehyde would be detected in blood following
that
ingestion of alcoholic beverages. Although it has been shown
blood acetaldehyde levels are relatively low following acute administration of ethanol (59,74, for review see Truitt, 60), historically two major problems related to the methods of study render the
older data difficult to interpret in the light of recent findings
(60,41,64,61).

nd

First, most studies which assessed acetaldehyde
levels in man
on
of ethanol.
have been carried out following acute administrati
No serial determinations of acetaldehyde levels have . been reported
following chronic high dosage ethanol administration Moreover,
relatively few studies have been carried out following chronic administration of ethanol to alcoholic as contrasted to non-alcoholi
subjects in whom the blood ethanol levels have usually been lower
olic subjects during longthan those which obtain in chronic alcoholic
Thus,.no
dose
response
data-for acetaldeterm drinking episodes.
hyde were available which were relevant to the sustained high bloo
ethanol levels that exist in an alcoholic subject through
continun
of acetalde
ous or intermittent spree drinking. The investigatio
hyde levels in alcoholic subjects studied in a chronic drinking
paradigm is especially important since it has been reported that
alcoholic subjects may develop an induced increase in their rate
of ethanol metabolism (62,63,77) which may be reflected in the
higher levels of acetaldehyde in the blood.
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0.7
and
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Roach
and Cwas determined using the gas chroma
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mg/dl (58)
(42).the
Theblood
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esults
a
by others using the same methods for the
dete
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b. Nonenz atic Fo rmation of Ace
taldeh
rvation by Truitt (64) that aceta
ldehyde is
sence of protein precipitating agents or ethan
recently by Sippel (61,65).
formed by a nonenzymatic oxidationpoftethanol_
dehydroascorbate peroxy radical chain d
a
erived
scorbic acid. It should be also noted that t
mation of acet aldehyde is de
pendent on tempera
e
an
important
concern
for
some
methods that meas
For
xample,
if
the
head
space
method is used,
e
(PCA) tissue xtracts are in
or 6
of ethanol (67,64,61,65) in cubated at 55°
arti
creasing the li
conce
factually
high
keli
as
ntrations of acetaldeh
sociated with the temperature increase during
the samples can be overcome by h
the sam
tures (ice cold) as d escribed in andling
the me
thod-by
se

hibited by thiourea, which prevents the autoxidation of ascorbic
acid (73,65).

4. Acetaldehyde: Human Investigations
a.

Chronic Studies .

Studies of blood acetaldehyde levels

an d blood ethanol levels in alcoholic subjects during long-term,

free choice drinking of either bourbon or grain alcohol revealed
that blood ethanol levels peaked above 300 mg/dl and were sustainThe blood aceed above 300 mg/dl for long periods of time (41).
taldehyde levels remained relatively steady throughout the entire
course of 10 to 13 consecutive days of drinking of either alcoholic beverage. During the first eight hours of drinking of grain
alcohol, the blood ethanol levels increased to 360 mg/dl and during the following 10 day drinking period blood ethanol concentraUpon withdrawal, blood
tions were maintained above 300 mg/dl.
There was
ethanol concentrations fell to zero within 14 hours.
no significant relationship between blood acetaldehyde concentrations and blood ethanol concentrations during the ten day period
of drinking when blood ethanol concentrations were sustained above
300 mg/dl and the blood acetaldehyde concentrations averaged bet5
ween 0.1 and 0.2 mg/dl (2.3 x 10- SM and 4.5 x 10- M). Although
slightly higher levels of acetaldehyde in the blood were found at
the end of the drinking period than on the first day of drinking,
the differences were within the limits of experimental variation
It should also be noted that in these studies (41) the
(41).
earliest blood samples were usually taken several hours after the
initiation of the alcohol drinking period when blood ethanol level
This is in conwere sufficient to saturate the ADH's activity.
trast to most other studies, both in humans and in the experimenta
animals, where the determinations of blood and breath acetaldehyde
levels were done during the first few hours after administration o
ethanol.

b. Acute Studies . After acute administration of relatively
low doses of ethanol (0.5 an d 0.75 g/kg) both to alcoholic and
n
onalcoholic subjects, the blood acetaldehyde levels were quite
v
ariable between the subjects (74). These concentrations did not
c
orrelate well individually with the time curve of ethanol, but
there was a rough parallelism between the mean values (74). There
were considerable differences between those of alcoholic and nona
lcoholic subjects. The mean values of the blood acetaldehyde

ethanol concentrations in rats (72,76) and mice (7
fused liver (80). Thus, it is apparent that the c
acetaldehyde in the blood and in the alveolar air
of the rates of ethanol metabolism in the liver.
drinking periods associated with high intake of al
or after large single doses of ethanol, the ethano
enzymes become saturated in the presence of high e
At this point, the metabolism of ethanol conforms
kinetics resulting in the establishment of a plate
and alveolar air acetaldehyde concentrations. No
dose-time relation response is observed. After lo
ethanol, when ethanol metabolism conforms-to first
throughout the entire period of the experiment, th
hyde levels parallel the blood ethanol levels.

5. Acetaldehyde: Animal Studies

The studies of acetaldehyde formation in anim
several new developments both in the methodology a
of the findings in relation to sex, species and al
Also, equally interesting were the findings on ace
trations in brain.

a. Methodology .
In the area of methodology,
(78) introduced a technique of measuring acetaldeh
air of rodents. This technique consists of placin
minutes after administration of ethanol in a glass
ber which was flushed with oxygen prior to the ini
experiment. The samples of chamber atmosphere wer
gas chromatographic determination of ethanol and a
minutes after placing the animals in the chamber.

absorption was further improved by passing the gas through a s
ond absorption tube. This latter technique is reminescent of
14 02 after the administra
used for absorbing the respiratory C
of labeled ethanol and other metabolic substrates to rats (69)
Carbon dioxide was trapped in two Kiefer absorption columns co
ed in series containing potassium hydroxide (69). However, n
these methods for the determination of acetaldehyde in the exp
tory air takes into account possible contamination of the cha
atmosphere by acetaldehyde released from urine voided by anim
during the period of enclosure in the chamber.

b. Sex, Strain and Alcohol Preference. Redmond and Cohe
l
determined acetaldehyde in expired air after intraperitonea
istration of ethanol (4 g/kg) and found that the mean acetald
level for male mice were about five times higher than those f
female mice. These authors also found that the levels of ace
hyde formed a plateau within about 20 minutes after administ
of ethanol, which corresponds to the time that ethanol levels
ed a maximum. The comparison of castrated mice of both sexes
vealed that acetaldehyde in males was lower by about 85% but
changes were observed in female mice. No significant differ
were observed in the mean ethanol levels between males and fe
either castrated or normal at any time period. Redmond and
suggest that these differences in acetaldehyde concentration
be the consequence of the effects of testicular hormones on t
enzymes or due to differences in the activity on the ethanol
bolizing enzymes. They point to the fact that the microsoma
nol oxidizing system (MEOS) activity (81) in male rats is gr
than that found in females and that similar sex differences
metabolizing enzymes have also been reported (Conney) (82).

A recent study by Eriksson (71) involved the metabolism
ethanol and acetaldehyde in both sexes of rats outbred and s
for their ethanol preference (84). fie used the AA strain wh
prefers a 10% ethanol solution to water and the ANA strain w
rejects ethanol solution as a drinking fluid. It was calcul
from extrapolated elimination rates, that female rats of bot
eliminated ethanol 13 and 28% faster than the males in the A
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c. Acetaldehyde in Brain . Although the diff
centrations of acetaldehyde in blood and in the ex
mals are of interest, the studies in brain draw pa
since such studies are not done in-humans. In Tab
ranges of acetaldehyde and ethanol concentration i
after single doses of ethanol and in rats rendered
pendent upon ethanol. It can be seen that the res
laboratories (86,42,88) for brain acetaldehyde lev
agreement despite the differences in the methods u
mination of acetaldehyde, the doses of ethanol giv
sex of the animals. Only the results reported by
are significantly different from those reported b
teresting observation has been reported by Sippel
utes after a single intraperitoneal dose of ethano
(3g/kg)) to female rats, acetaldehyde concentratio
blood ranged between 100 and 360 nmoles/ml (0.4 a
significant amounts of acetaldehyde were found in
the cerebral blood concentrations were less than 2
It is possible that these variations may be relate
cycle of the female animals. However, the author
of what point during the estrus cycle the experime
whether this parameter was controlled. These findi
the levels and distribution of acetaldehyde betwee
may be significantly related to the sex of the anim

Preliminary studies in male rats (42) reveale
acetaldehyde concentrations after single intragast
ethanol (g/kg) were similar to those in animals re
dependent upon ethanol. After the termination of e
tration, rats had typical withdrawal signs and reac
tremors and convulsive seizures (89), comparable t
in alcoholic subjects. At the time of decapitation
and blood acetaldehyde usually ranged between 50 a
0.1 and 0.3 mg/dl, respectively. At high blood eth
concentrations of eth an ol and acetaldehyde in the
significantly different from those found in the blo
induction of ethanol dependence and subsequent wit
(42). Similar to earlier results from alcoholic su
no significant correlation was found between the l
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sufficient to produce physiologically significant alter
major metabolic pathways in the brain. However, the s
sence of even low concentrations of acetaldehyde in th
have a number of possible toxic effects on brain metab
poses a question which should be further investigated.
I.-..z
6.

sf
F

•
It

'

;a :o

Acetate

About 40 years ago, Lundsgard (90) and Leloir and
and others established that the oxidation of ethanol r
formation of acetaldehyde which is oxidized virtually
ly to acetate. The appearance of acetate in animal an
following short term administration of ethanol was rep
Forsander and Raiha (35) and by Lundquist (34) who con
most of the acetate formed in the liver is released in
stream and distributed throughout various organs where
bolized to carbon dioxide and water. Recent studies o
tate and ethanol concentrations were conducted in alco
during free choice drinking periods lasting up to 14 d
Upon commencement of drinking, the blood acetate conce
creased up to 7 mg/dl and remained at approximately th
the entire drinking period, ranging between 7 and 9 mg
blood ethanol concentrations averaged between 50 and 4
The blood acetate levels were on a plateau and there w
cant dose-response relationship apparent between the b
acetate concentrations except at very low co
blood
d ac
and bl
of ethanol (Figure 1).

7.

Methanol Accumulation

The occurrence of endogenous methanol and a vari
alcohols and aldehydes has been suggested since the tu
century (92,93). Eriksen and Kulkarni (14) only rece
ed that trace amounts of methanol can be identified a
determined in human breath samples. Furthermore, an
formation of methanol from S-adenosylmethionine in an
pituitary has been reported by Axelrod and Daly (94).
year-s ago, it was established (95) that the rationale
of methanol poisoning with ethanol depended on the abi

icnacid.
These observations suggested that during long-term consume
alcoholic beverages, ethanol might competitively inhibit the metabolism of endogenously derived methanol, resulting in the progressive
n of methanol in body fluids and tissues. Accordingly,
accumulatio
a systematic study of blood methanol levels was undertaken during
long-term consumption of alcoholic beverages (bourbon) and grai
Consumption of alcoholic beverages was associated with a progressive accumulation of methanol in the blood and urine (10,11),
of all subjects. By the end of the first day of drinking,
jects' blood ethanol levels had risen to 200 to 400 mg/dl. Afterwards, their blood ethanol levels fluctuated daily, but remained
high enough to induce and to sustain an observable degree of intoxication until the end of the experiment. Changes in blood methanol
levels followed a different pattern. At the initiation of drinkid g,
pronounce
the blood methanol levels never exceeded 0.1 mg/dl. A
increase in blood methanol to 0.2 mg/dl was recorded at 4 to 8 hours
o
the experimente lasting up
t
r t
f
g
4 mg/dl at the end eofat
gressively to 2 to
to 14 days (10) (Figure 1).

After the subjects stopped drinking on the withdrawal day,
dependblood ethanol clearance was complete within 10 to 18 hours,
ing upon the existing blood ethanol levels at the cessation of alcohol intake. The highest levels of blood methanol were found at the
termination of drinking period. After the initiation of they alcohol
stable
withdrawal period, blood methanol levels remained relativel
for about 10 to 18 hours, but when blood ethanol levels decreased to
approximately 70 to 20 mg/dl, methanol levels began to decline. coinThe
ce
cident with the emergence of the withdrawal signs and symp
of
blood methanol clearance lagged behind the linear disappearan
clearance of the
ethanol by approximately Gain
to that
accumulated methanol in grai
the bourbon drinkers (Figure 1).
The most severe signs and symptoms of the alcohol withdrawal
syndrome were observed in those subjects whose blood methanol concentrations were highest and blood ethanol concentrations were
approaching zero level. The temporal correlation between the withdrawal signs and symptoms corresponded more closely to methanol
rather than to ethanol clearance from the blood (13).

These findings suggest that methanol may accentuaten the severit
of longof the alcohol withdrawal syndrome after the terminatio
term consumption of alcoholic beverages. The recent demonstration
that long-term administration of ethanol to rats enhances an increas
ed activity of alcohol metabolizing enzymes in the brain (53), sug-

ed animals or the isolation of the putative aberrant ne
mitters in the central nervous system. (For discussion
s
neurotransmitter see Chapters by Dr. Alivisatos and by
in this volume).

SUMMARY

:
:

I:
:

Following the administration of alcoholic beverage
exerts a number of direct and indirect effects on the
turn, ethanol is itself metabolized. Liver and brain a
organs which are immediately concerned with the effects
Ethanol acts as a CNS depressant and as a source of en
the metabolism of ethanol in the liver proceeds at a co
until completion, acetate is produced regardless of ene
ments of the body. Thus, ethanol plays the role of an
nutrient.

Although ethanol has no effect on oxygen consumpt
liver,
it
severely
suppresses the production ofn carbon d
;
the Krebs cycle resulting in the correspondi g suppres
piratory quotient. This indicates that ethanol diverts
zation of oxygen for the oxidation of reducing equival
accumulate as a consequence of increased formation of
is reflected in the shift from the oxidative to reduct
C ^i
of a number of oxido-reductive couples, e.g.: pyruvat
late and acetoacetate-R-hydroxybutyrat
oxaloacetate-ma
tions of ethanol are exarcerbated by the fact that the
of ethanol is also associated with the diversion of th
lity of a number of enzymes and coenzymes from the met
endogenous substrates towards the metabolism of metabo
nol, thus resulting in the competitive inhibitions of
enzyme catalyzed reactions, e.g., inhibition of metha
during long-term ethanol consumption resulting in the
of methanol in body fluids; shift in the peripheral m
biogenic amines from oxidative to reductive pathways;
s
inhibition
of aberrant neurotransmitter (in vitro);
tion of fatty acids in the liver.

metabolized through the citric acid cycle is inhibited simila
that of acetate.

Among the most characteristic biological properties of
are two diverse mechanisms subserving the inhibitions produc
the liver and in the brain. The inhibitory effects of ethan
liver metabolism are not caused by ethanol per se but are th
sults of its metabolism in the hepatocyte cytoplasm. The in
tions observed in the brain appear to result from the direct
ferance by ethanol with some, as yet not clearly identified,
physical and/or biochemical interactions with the neuronal
membranes.

Acute and chronic administration of alcoholic beverage
in the elevation of blood acetaldehyde and acetate concentra
human and nonhuman primates and rodents. Accumulation of b
methanol has been observed in primates and to a lesser exte
dents. At high blood ethanol levels sustained during long
drinking periods no significant dose or dose-time response
served between blood ethanol levels and blood acetaldehyde

Since ethanol competitively inhibits the oxidation of
by alcohol dehydrogenase it is postulated that one of the p
cal functions of alcohol dehydrogenase Under normal conditi
the oxidative destruction of endogenously formed methanol.
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proceedings of the conference.

The original studies discussed here were supported in
research grants from the U.S. Public Health Service No. AMa training grant No. STI-GM 404; Licensed Beverage Industr
National Association for Mental Health, Scottish Rite Comm
Research in Schizophrenia.
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Among the most convincing evidence of th
"physiological" exchange of transmitters is t
(10). The experiments were performed in plat
mentally depressed and normal humans.
A comp
and brain showed , that the mechanisms of stora
tonin, as well as the presence of monoamine o
mitochondria, the effects of monoamine oxidas
reserpine, imipramine, cocaine and lithium ar
sues. A major difference is that platelets d
the amines, which are exclusively taken up fr
Platelets, then, offer an ideal system for st
of the exchange of one type of amine (i.e., s
(e.g., catecholamines) after exogenous in viv
the C- 1 4.- labeled. precursor amino acids (e.g.,
experiments of Murphy (10), the platelet serot
ed as expected on administration of clinically
tryptophan, while it was decreased with L-dopa
ing that both of these amine precursors are ef
to their respective amines by both normal and
and that both precursors produce effects on ce
The critical evaluation of these results byy M
there is a need for combined studies of differ
Administration of one type of neurotransmitter
in various aminergic systems, rendering interp

2. False Neurotransmitters and Alcoholism

More relevant to this survey are studies
role of false neurotransmitters in the physica
cohol. The ideas for such a correlation stem
(11,12) and from the concurrent work of Cohen

Briefly, these ideas may be summarized a
upon injection, is primarily metabolized to ac
latter is further catabolized via NAD-linked a
.Saturation of this system leads to excessive a
tic aldehydes produced from endogenous catecho
(i.e., dopamine or serotonin). These "biogeni
or, acetaldehyde per se (15) condense with int
indolamines leading to production of variously

being known as salsolinol) (see Fig. 1, Section 2b).
3.

Formation and Inhibition of Tetrahydroisoquinoline Deriva

According to these ideas, the problem of physical addic
alcohol is transposed to addiction to alkaloids - similar to
present in plants (e.g., Papaver sominiferwn
[16,17,18]). It
evident, though,-that the sequence of reactions described abo
occurring in animals in vivo
(see below) would not explain th
cular basis of the effect of these or other alkaloids, since
actual mechanism of addiction to morphine or its derivatives
well understood. F
urthermore, reversible or practically irre
sible reactions of "biogenic aldehydes", or acetaldehyde, cou
cur with a number of cellular nucleophils (in the chemical se
like amines, sulfhydryl groups, quinones or existing imines (
stitution) (19).

Similar ideas led one of us (Alivisatos) in 1971 to prop
the administration of excess quantities of trapping agents (14
which in theory would prevent the Pictet-Spengler condensation
Indeed, it was shown that in the presence of rat brain homogen
cysteine, at moderate co
ncentrations, may completely arrest t
condensation leading to tetra
hydroisoquinoline derivatives (14
Trappingthiazol
of acetaldehyde or other aldehydes occurs, in this in
through
idine-formation (14,21). Other agents, like as
bate, may trap the aldehydes through complexing, while penici
is expected to substitute other less reactive amines (e.g., bi
mines) (14).

In their recent work, Cohen (7) and Dajani and Saheb (9)
strated that salsolinol or te trahydrocarboline derivatives, re
tively, may act as false transmitters and may be released upon
lation. These findings are interesting and may be relevant to
physical basis of
alcoholism, provided that the action of tetr
isoquinoline or tet rahydrocarboline alkaloids, as neurotransmi
(?) is quantitatively (4) and qualitatively sufficiently diffe
and of sufficient long duration to impart relatively long-term
changes of the synaptosomal membranes (22, see also, 24).

Other pertinent observations are those of Majchrowicz and
Mendelson (23,33) who demonstrated ethanol-induced accumulatio
methanol in the blood and urine of humans and primates. Accord
to this author, production of methanol is endogenous and its ac
lation is due to the fact that both ethanol and methanol are me
bolized by the same enzyme system, which, after ingestion of al
holic beverages is saturated by exogenous ethanol (see also,
above, theories of Davis and Cohen). Methanol, after metabolis
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served that binding of biogenic aldehydes or the bioamines per
may be prevented by the same trapping agents (e.g., cysteine) a
those preventing the Pictet-Spengler condensation (26). Finall
it was clearly demonstrated that inhibition of an NADPH-linked
hyde reductase by barbiturates (27), together with the ingestio
alcohol (28), leads to extensive binding onto membranous lipopr
(synaptosomal membranes).

Newer Concepts Related to the Involvement of Biogenic Amine
Alcoholism

We recently established the existence of lysyl oxidase-li
enzymes in 105,000 x g supernatants of beef and mouse brain. S
enzymes, acting in specific sites at the polypeptide level, an
converting the c-amino group of the lysyl-residue to allysine
amino adipic 6-semialdehyde, see Fig. 1, Reaction 1), has been
cribed by Tanzer (29). This enzyme would be also capable of ox
ing lysyl residues within the specific context of a polypeptid
chain, i.e., at the receptor sites, to the corresponding aldeh
or semialdehyde derivative (Alivisatos, Ungar and Arora, Unpub
results).

The binding of serotonin at its binding sites involves Sc
base formation with its amino group and an carbonyl residue at
receptor sites (30). The formation of aldehyde or semialdehyd
the enzyme lysyl oxidase at the receptor (acceptor) proteins m

the possibility of formatio
FIGURE 1: Reactions demonstrating ne

derivatives (R = a speci
"bound" or "free!' tetrahydrocarboli
peptide sequence containing lysyl residues in a way suitable t
e
.
serve as substrate to a -lysyl-oxidas like enzyme, or a free 5
de generated by the action of MAO upon 5I-IT)
indole-3-acetaldehy
Similar reactions would, obviously, occur with catecholaminederivatives. L the lysyl-oxidase reaction, as it would occur
connective tissue (29); 2a, participation of imines at the le
receptor-binding; 2b, Pictet-Spengler type of condensation; ,
prevention of the Pictet-Spengler condensation through "trappi
of the aldehydes (free or protein bound) by thiazolidine forma

in vivo at the onset with endogenously forme

The biogenic aldehydes, however, bind irreve
and as shown in Fig.
(Reactions 2a and 2b
situ (i.e., at the end-synaptosomal membrano
ler type of condensations, with local alkal
work involving C 14 -labeled cysteine and mono
of the hydrazide type (31) (i.e., Iproniazid
this possibility of endogenous in situ alka
specific (receptor) areas of synaptbsomal m
stance, interaction takes place between biog
the action of monoamine oxidase on bioamines
lysyl residues at specific receptor sites (
The prevention of binding of biogenic amines
i.e., biogenic aldehydes, by cysteine (Fig.
to thiazolidine formation of the protein und
hydrazides (Catron, Iseniazid), strongly sup
satos, Arora and Ungar, Unpublished results)
that various inhibitors of the attachment of
receptor protein compete among each other, e
suppress thiazolidine formation by hydrazine
corresponding hydrazones.

1

M

This in situ (i.e., at the end-membrano
will not only explain previously experienced
ing free alkaloid in the cerebrospinal fluid
_will also throw some light on the molecular
This "weeding", so to say of the synaptic mem
have far reaching repercussions upon the perm
electrical properties of membranes.

The relevance of such changes to physica
hol may be obvious. As a final word of preca
keep in mind the admonitions of M. Victor (32
majority of the workers in this field often f
tomatology and etiology of alcohol intoxicati
that of addiction and from that of withdrawal
symptomatology.

discussed. Current evidence is somewhat ambiguous, although sug
gestive, of a cause-effect relationship between possible metabo
products of biogenic amines (i.e., tetrahydroisoquinoline deriva
tives etc.) and addiction. A novel hypothesis of the mode of ac
tion of these derivatives developed on the basis of experiments
in the reviewer's laboratory is also discussed. According to th
latter hypothesis, alkaloid formation may occur in vivo at the
branous level in situ, by interaction of indoleamines and (or) c
echolamines with the products of polypeptide chains and thereby
modifying the properties of plasmalemmal membranes.
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Ethanol ingestion produces physiological responses which suggest increased sympathetic activity. Heart rate and systolic blood
pressure usually rise while sweating and flushing often occur. The
euphoria and garrulousness also suggest central sympathetic activation. Experiments in volunteers treated with a depletor of norepinephrine, a-methyltyrosine, an d then ethanol, show a lessening of
these commonly observed effects of the drug.

Serotonin, a putative neurotransmitter thought to regulate
sleep function, has also been implicated as a mediator of some effec
produced by ethanol. Notable is the fragmentation of sleep patterns
during ethanol ingestion. Furthermore, volitional drinking of ethanol solutions is greatly modified by drugs which reduce serotonin
levels. Research on the pharmacology and biochemistry of ethanol,
therefore, includes the influence of this drug on biogenic amine
activity and metabolism.

This article reviews some changes in monoamine catabolism induced by ethanol and its catabolite, acetaldehyde. These changes
encouraged much speculation about the pharmacological effect of such
265
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Some new data supports the view that ethan
action quite distinct from other narcotic drugs
pentobarbital. These data indicate that the res
induced in the mouse by a moderate single dosag
diated primarily by serotonergic pathways. In c
plays no apparent role in the respiratory depre
adone or pentobarbital whereas increased noradr
deepens the respiratory depression induced by p
of methadone. These significant differences str
que mode of action for one of the depressive fu
Serotonergic mechanisms may also operate in vol
ethanol solution by inbred strains of rodents a
lethal effect of ethanol. These findings by ot
ed-in the light of data to be presented.
1. Effects of Ethanol on Monamine Metabolism

Large amounts of ethanol have been reporte
1960) to diminish the serotonin and norepinephr
stem of rabbit. This reserpine-like effect of
confirmed by others (Effron an d Gessa, 1961).
vestigations of monoamine metabolism and turnov
ed since publication of these earlier works. M
material has been reviewed recently (Feldstein,
1973). Only those reports which are relevant t
in this an d other sections of the article will

Monoamine catabolism has been under intens
the last 25 years. In the early part of this c
as F. Ehrlich were already aware that tyramine
corresponding alcohol, tyrosol, in yeast cultu
sol to phenylacetic acid was thought to be the
tyramine was ultimately catabolized to the aci
quence was described subsequently by Blaschko:
ramine by the enzyme, monoamine oxidase to yiel
aldehyde. This compound was then either oxidiz
drogenase to the acid or reduced to the corresp

of man and in the peripheral tissues of the rat.

Disulfiram (Antabuse ) inhibits aldehyde dehydrogenase,
enzyme responsible for oxidation of intermediary aldehydes der
from the alcohols and from the biogenic amines. That this co
can alter the metabolism of tryptamine was first demonstrated
1960 (Smith and Wortis, 1960a). Rats treated orally with dis
and then injected with tryptamine produced significant amount
typtophol whereas control rats excreted only indoleacetic ac
the control guinea pig, 0-methylated norepinephrine was catab
equally to vanillylmandelic acid (VMA) or to 3-methoxy-4-hydr
glycol (MHPG). However, disulfiram shifted the catabolic seq
towards a preponderance of the glycol (Smith and Wortis, 1960
Human subjects treated with disulfiram, 0.5 g daily, for cont
alcoholism, excreted markedly increased labeled MHPG after in
with dl-norepinephrine-7-H (Smith and Gitlow, 1967). The in
of alcohol by healthy volunteers produced identical shifts in
tive catabolism of the infused norepinephrine (Smith and Gitl
1967). In this study, the duration of shift in oxidative cat
corresponded closely to the dose of alcohol ingested. Since
hyde is produced at a constant rate regardless of the dose of
(Majchrowicz and Mendelson, 1970) the competitive inhibition
taldehyde of aldehyde dehydrogenase (Majchrowicz and Lahti, 1
likely to be the mechanism responsible for the shift. Once th
nol was metabolized the ratio of the acidic to reduced forms
to normal. Aspects of this work have been reported independe
others (Davis, et al. 1967a; Ogata, et al. 1971).
R

3

Ethanol affects the metabolism of serotonin in a qualita
similar way (Davis, et al. 1967b). Serotonin is converted to
droxytryptophol instead of the corresponding acid in keeping
the observation that simple ethylamines are primarily oxidize
their corresponding acids.

Dopamine, a substrate of monoamine oxidase is initially
bolized to 3,4-dihydroxyphenylacetaldehyde. In animals treat
with ethanol, the intermediary aldehyde derived from dopamine
not form increased amounts of the corresponding alcohol despi
finding of reduced oxidative catabolism. These investigators
and Walsh, 1970) have suggested that the alkaloid tetrahydrop
veroline may have been produced. Disulfiram treatment causes
tatively similar changes in monoamine catabolism. In animals
ed with disulfiram, MHPG has been demonstrated to increase (S
and Gitlow, 1967) in amounts equal to the loss determined for

,..

•^'.

,

-. = _ _ _-.R^-w3 ...

.—>tea?-s•.

_^

'.fir. ^-,^3

ub

;^^

dopamine. The formation of opium alkaloids by th
predicted more th an a half century earlier by Rob
confirmed by Leete (1959) using labeled compounds

It is interesting that the pressor catechola
in relatively large dosages produce a morphine-li
animals . (Rothballer, 1959) and analgesia in man.
develops to the narcotic effect. Both morphine a
produce transient cataracts in the lenses of mice
Prior ethanol injection strongly potentiated the
effect of epinephrine. Because acetaldehyde shif
catabolism to the reductive pathway it was consid
might also permit the intermediary aldehyde to e
bolic pathways, notably, condensation with the u
phrine to produce a tetrahydropapaveroline. This
responsible for the somnolence produced in the r
large intravenous dosages of norepinephrine, (2
of morphine required for a similar response is ab

In order to demonstrate some pharmacologica
the catecholamines an d morphine, studies were un
tolerance to the cataractogenic effect of two dru
levorphanol, the latter a strong opioid. Mice m
cataractogenic effect of levorphanol were found
to the same effect produced by epinephrine (Smi
sely, epinephrine-tolerant mice were not cross-t
cataractogenic effect of levorphanol. Clearly,
no common cataractogenic mechanism. Further stud
oxybenzamine, the a-adrenergic antagonist, block
effect of epinephrine but not of levorphanol. S
h an, the narcotic antagonist, inhibited only the
effect of levorph an ol and not that of epinephrin

These early studies in the mouse revealed s
rences in the mechanisms responsible for epineph
induced cataracts and for tolerance development
gued that isoquinoline condensation products fro
bear sufficient structural resembl an ce to opioid
cal receptors. In an attempt to identify aberra
uptake or catabolism of the catecholamine, a met
et aZ. 1963) was undertaken in rabbits made tole
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the peripheral tissues also d
except in a group treated with reserpine, a drug known for
lity to profoundly diminish uptake.

catabolites of the infused dl - no repinephrine- 3
H were
in urines obtained one hour
after start of the infusion.
the-paper chrom atograms .
revealed all of the known cataboli
with significant increase in the percentages of unknown ca
in the urines of norep inephrine-tolerant
animals. Since t
of metabolism and tissue uptake of unchanged
dl-norepineph
was not different in the tolerant animal than in control,
ing of additional unknown
compounds was attributed to nons
reactions.
These new compounds may have formed from the
s
unlabeled norepinephrine taken up from the large dosages of
viously injected no repinephrine.
Because of seemingly sli
pheral changes in norepinephrine metabolism, tolerance
dev
was attributed to
some change in the central rather th an p
nervous system.
What this change might be has not been add
the mechanism is
unrelated to morphine tolerance since puro
treatment did not prevent tolerance development
to epinephr

Incubation of dopamine (1.25 mg/ml) in rat brain homog
in the
presence of acetaldehyde (0.5 to 2 mM) was reported
and Walsh,^ 1970 ), to yield tetrahy
dropapaveroline (THP). T
compound is credited with playing a possibly important etio
role in alcoholism since tetrahy
dropapaveroline is a precur
morphine and morphine is an addictive drug.
Barbiturates a
ral
hydrate also show some pharmacological similarity to et
I
nterestingly, barbiturates inhibit a NADPH-dependent aldehy
ductase of brain (Tabakoff and Erwin, 1970).
Although no re
phrine catabolism would t
heoretically be shifted by barbitu
towards oxidative pathways it has been reported (Davis, 1971
phenobarbital actually enh an ces formation
of THP-type alkalo
Thus, the cross-tolerance exhibited by ethanol, chloralhydr
barbiturate may be explained by a common biochemical denomin
THP.

Simple aldehyde derivatives of catecholamines are also
to play a
causal role in the induction and maintenance of al
lism (Cohen, 1973). Such
compounds include salsolinol, an i
line (TIQ) derived by non-enzymatic reaction of acetaldehyde
dopamine via
a Schiff base formation with spontaneous ring c
Synthesis of such compounds was demonstrated
in the isolated
adrenal perfused with formaldehyde or acetaldehyde.
At so-c

much of the peripheral sympathetic system. Othe
formed in partially denervated rats or in mice
hibitors of monoamine uptake mechanisms as desip

The formation, uptake and release of TIQ co
dicate that such substances can act as false tr
of norepinephrine. The first question that may
these compounds affect sympathetic nerve functi
meaningful way. The second question relates to
of TIQ substances in the development of alcohol
volvement in the autonomic disturbance that acc
drawal state. It is known that large doses of d
ing as false transmitters can have adverse effe
regulation. These include metaraminol, a potent
agonist and octopamine, a naturally occuring ph
concentration in tissues may be increased with
oxidase inhibitors. Neither of these drugs when
chronically produce symptoms associated with et
treatment has not been reported to initiate a w
a sudden urge to consume beverage alcohol.

3. Serotonergic Regulation of Respiratory Depre
Ethanol

Most central nervous system depressants in
function by diminishing sensitivity of the cent
chemoreceptor. As a consequence, pCO2 in blood
comitant fall in pH. Ethanol or sodium pentobar
blood pCO2 when given in dosages substantially
required for anesthesia. We have measured the r
sion caused by these drugs in mice during deple
of one or more of the neurotransmitters. We fo
1974) that drugs which depleted serotonin, bloc
pCO 2 normally produced by ethanol whereas respi
produced by methadone or by pentobarbital remai
nol was further distinguished; the intracerebra
pinephrine decreased the ethanol-induced rise i
ing blood pCO2 in mice treated with methadone.

4. Discussion and Critique

According to Davis and Walsh, (1970) catecholamine conde
products may play a role in etiology of alcoholism. The acet
hyde derived from ethanol enhances formation of THP which is
cursor of morphine. Morphine is addictive. Therefore, alcoh
can be explained in terms of opiate addiction.

Most authorities as well as heroin addicts I have interv
agree that no cross-dependency can be shown between morphine a
ethanol. Furthermore, the withdrawal syndrome from ethanol d
radically from that seen in morphine dependency. On a bioche
level, it is possible in vitro to promote THP formation by di
firam treatment. Yet, neither laboratory animals nor man sho
least sign of alcoholic withdrawal nor opiate dependency while
treated with doses of disulfiram sufficient to substantially
aldehyde dehydrogenase (Smith and Gitlow, 1967). Acceptable
dence that THP is addictive or plays a role in alcoholism sho
demonstrate that administration of these compounds causes beha
tolerance to ethanol and also requires that discontinuance of
drug is followed by the signs of alcohol withdrawal.

It has been suggested (Davis, 1973) that barbiturates sho
cross-tolerance with ethanol because they block aldehyde reduc
and by so doing enhance THP formation. Since THP is a precurs
morphine it is difficult to understand why is there no cross-t
rance of morphine with either ethanol or barbiturates. Perhap
cross-tolerance between ethanol and barbiturates arises from a
fuse cortical latent hyperexcitability of the cortex which may
from several brain sites, whereas subsequent latent hyperexcit
lity focuses on the final common pathway. This would explain
similarity between abstinence syndromes of ethanol and barbitu
Respiratory depression induced by ethanol seems specifically d
dent on the presence of serotonin. Neither methadone nor pent
barbital require this neurotransmitter. Ethanol preference al
appears to require the presence of this neurotransmitter (Myer
Martin, 1973). While THP and morphine alkaloids bear a close
synthetic relationship no clear pharmacological relationship e
between ethanol and morphine.

Isoquinoline compounds (TIQ) readily form in vitro from c
cholamines and the acetaldehyde derived from oxidation of etha
Such compounds have been demonstrated in chromaffin granules a
perfusion of the isolated cow adrenal (Cohen, 1973) with high c
centrations of acetaldehyde (100 mg/dl). These substances may

cohol levels (BAL). Acetaldehyde is not produced
high rather than with low blood ethanol levels. (
Mendelson, 1970). It seems, therefore, that ethan
drug which causes physiological dependency and not

The high incidence of hepatic cirrhosis in so
dicates a large ethanol intake. However, chronic
dilute ethanol, as in wine, does not inevitably le
pendency and withdrawal despite the concomitant pr
cant amounts of acetaldehyde derived from the beve
While it is clearly impossible to dismiss biogenic
as etiological factors in alcoholism, abuse of eth
basically a complex social disorder with serious m
To attribute the origins of this disorder to aberr
biogenic amines has an instant appeal because of i
novelty. Let us hope that a more complete underst
of action of ethanol on the central nervous system
other depressants, will provide some additional in
etiology of alcohol abuse and alcoholism.
SUMMARY

Ethanol through its primary catabolite, aceta
tively inhibits oxidation of aldehyde dehydrogena
a consequence biogenic amines form increased quant
-rather than--the corresponding acids. During this
condensation reactions between deaminated and inta
cur which can yield tetrahydropapaverolines. Thes
closely related to precursors of opioids which is
ethanol abuse to morphine addiction. There is, how
. macological or clinical evidence suggesting simila
ethanol dependency or opioid addiction.

Acetaldehyde plays an additional role in alka
in vitro. Biogenic amines may react with acetalde

quinoline or carboline compounds. Some of these su
significant pharmacological activity. Furthermore,

definite appeal, they are naturally based on in vitro p
work. Much study of the quantitative pharmacology of t
pounds in animals is required before judgement can be m
the merits of the proposed hypotheses.

In the meantime, pharmacological studies on the ab
ethanol to depress respiration in the mouse has revealed
like opioids or barbiturates, respiratory depression in
ethanol requires.the presence in brain of serotonin. T
transmitter also mediates the respiratory effects of se
alcohols but curiously, not chloral hydrate, yet this co
purported to alter biogenic amine metabolism much like e

Thus, the response to ethanol can be pharmacologic
ed from other major narcotic classes such as opioids an
rates by respiratory depression effects. The specific r
for serotonin mediation exhibited by ethanol and several
cohols opens the door for a rational therapeutic approa
treatment of alcohol abuse. At the same time, this find
to lessen the probability that alcoholism is in some wa
with the formation of addictive alkaloids.
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Ion transport, 202
Iproniazid, 260
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Lactaldehyde, 147
Lactaldehyde reductase, 153
Levallorphan, 268
Levorphanol, 268
Lipase activation, 225
Lipid metabolism derangement,
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Lipid solubility in alcohols,
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Lipogenesis, 89-90
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in liver, 90
Liquid metabolism, see
Metabolism
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Liver
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alcohol dehydrogenase in,
see Alcohol
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clinical diseases,, 184-185
fatty, 225
Lysyl oxidase, 259
Magnesium in membrane
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Malic enzyme shuttle, 93
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and electroencephal
(EEG), 299
not fatal, 300
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lengthening of time
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"stoned" speech, 295
therapeutic effects
toxicity, 300-302
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Membrane
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disordering, 197
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properties, electric
protection, 197
Menadione, 67
MEOS, see Microsomal e
oxidizing sys
Metanephrine, 248, 249
Metaraminol, 270
Methadone, 266, 271
Methanol, 9,_67, 115,
257, 266
3-Methoxy- - y roxyman
116, 155, 249
3-Methoxy-4-hydroxyphe
(MHPG), 116, 1
267
a-Methyldopa, 255
Methylene blue, 70
a-Methylnorepinephrine
4-Methylpyrazole, 62-6
83-85, 90
a-Methyltyrosine, 227,

