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HISTORICAL

The great Liebig assumed that alcohol was oxidized in the human and animal
organism through aldehyde, lactic acid, oxalic acid and formic acid to carbonic
acid, but so far as is known he had no experimental evidence for his assumption.
About 1860 the first animal experiments showed that ingested alcohol could be
recovered qualitatively from the urine and the expired air, which made these
early investigators conclude that alcohol was excreted from the body and not
metabolized at all. This was the state of affairs when the first period of modern
study of alcohol metabolism began about 1870.

Dupré (1872) (44) and Anstie (1874) (5) showed definitely that the alcohol
recovered from the excretions over a long period was only an insignificant part
of the alcohol administered, and that the rest disappeared. The German and
Italian investigators Binz (14), Schmidt (134) and Albertoni (3) independently
found the same. As it was impossible to demonstrate the presence of any meta-
bolic products of alcohol in the body or in the excretions, it was concluded that
95-98 per cent of the ingested alcohol was totally oxidized in the organism to
carbon dioxide and water.

The chemical energy liberated by the total oxidation of 1 gram alcohol is
7.1 calories, and in the years following 1880 much work was devoted to the
question whether ingested alcohol is metabolized independently of the general
metabolism. Experiments by Henrijean (1883) (71) and Bodlinder (1883) (17)
showed clearly that the general metabolism was not increased by the ingestion
of alcohol. This was later confirmed by extensive and convincing experiments
by Bjerre (1899) (15), Atwater and Benedict (1902) (7) and others. Moreover
Strassmann (1891) (139) demonstrated that the bodies of animals given alcohol
over a long period show a higher content of fat tissue than control animals
kept on quantitatively and qualitatively the same diet but without alcohol.
There was some discussion about the protein-saving effect of alcohol, but when
it was discovered that the toxic action of alcohol at first causes an increased
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excretion of nitrogen in individuals not accustomed to alcohol, it was easy to
show that alcohol spares protein to the same extent as isodynamic amounts of
carbohydrate or fat. Thus the first period of the study of alcohol metabolism
ended at the beginning of this century with the general acceptance of the very
important fact that alcohol can be utilized as a foodstuff by the organism.

A little after 1900 the second period started with the study of the metabolic
rate of alcohol. In 1903 Gréhant (61) analyzed whole animals at various times
after the ingestion of alcohol. Rosemann (1909) (132) tried to calculate the
metabolic rate in man from the depression of the respiratory quotient during
alcohol oxidation, and in 1919 appeared Mellanby’s (105) very commonly cited
experiments in dogs. These and other investigators with their rather primitive
analytical methods reached figures not deviating much from those found later.
The literature up to 1904 is collected by Abderhalden (1) and the results of the
studies up to 1920 are extensively reviewed by Kochmann (87) and Rosemann
(133). Widmark’s introduction of his micromethod for alcohol determination
in 1922 (145) was an important step forward. During the following decade,
stimulated by the increasing forensic importance of test on drunken drivers,
by means of this and similar micromethods Widmark himself and other investi-
gators cleared up the general facts about alcohol absorption, distribution and
elimination in the human and animal body.

Our knowledge in 1935 can be summarized as follows: Alcohol is readily
absorbed in the intestinal tract, but certain foodstuffs, especially protein and
fat, are able to delay the absorption considerably. The distribution of alcohol
in the body follows the equation given by Widmark (147):

A=pXcXr

A being the total amount of alcohol in the organism in grams, p the body weight
in kg, and c the alcohol concentration in mg per gm blood. The factor r is the
proportion of the body in which the alcohol is distributed; on the average it is
679, &+ 209, but it is relatively constant in the same individual from time to
time. From the slope of the alcoholaemic curve and the formula it is possible
to calculate that an average individual is able to oxidize about 1 gm alcohol
per hour per 10 kg bodyweight. The results from these earlier periods are beyond
dispute and well described in every textbook and will be omitted from this
review.

Three general lines have been followed in the recent study of alcohol metab-
olism: (i) The factors that may influence the rate of alcohol metabolism and
its connections with the metabolism of other compounds in the body; (ii) the
sites of alcohol metabolism in the organism; (iii) the enzymes involved in alcohol
metabolism. These lines will also be followed in the present review, not because
they represent a chronological development or because they represent the most
logical arrangement, but because the gap between the investigators who follow
the different lines is often so wide that it is impossible to present the experi-
mental results otherwise without imposing on authors opinions and interpreta-
tions that they never intended. The following earlier reviews can be recom-
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mended which give different points of view on the question,—Widmark’s (1932,
in German) (146), Kochmann’s (1936, in German) (88), Le Breton’s (1936, in
French) (94), M. Schmidt’s (1937, in Danish, 135), Jellinek and Jolliffe’s (1940,
in English, (78), Carpenter’s (1940, in English) (21), Derobert and Duchéne’s
(1942, in French) (35), and Newman’s (1941 and 1947, both in English) (111,
112).

ALCOHOL METABOLISM IN INTACT ORGANISMS

Most investigators working on this problem have measured the rate of dis-
appearance of alcohol from the blood after the administration of alcohol, either
intravenously or more commonly by mouth to the experimental subjects. On
many points there is much disagreement. One reason is that the technique of
many of the investigators has not been beyond criticism. Far too many have
disregarded the rather high variation in the absorption of alcohol from the
intestinal tract and have not realized that the time required to obtain complete
equilibrium in the distribution of alcohol in the tissues is rather long even when
the alcohol is given intravenously. The reviewer regrets that only too few of
the numerous published experiments fulfill the requirements of a technique
which cannot be criticized ; the best to say about the rest is that they sometimes
are able to support the results obtained by better methods, but not always.
In any case they will never be able to contradict them.

The Slope and Shape of the Alcoholaemic Curve in the Postabsorptive Period:
Since the work of Mellanby (105) and Widmark (146) it has generally been
accepted that the decrease of the alcohol content in the organism, as measured
by the concentration in blood, follows a straight line from the point where the
absorption is ended and a diffusion equilibrium between the tissue fluids and
the tissues has been established until all measurable remnants of alcohol have
disappeared from the blood. The most common expression of this slope is found
in Widmark’s factor, 8, which indicates how many milligrams of alcohol dis-
appear from each gram (or ml) blood per minute or per hour. The g8 factor is
independent of the concentration of alcohol in the blood. Since then numerous
observations in many species have confirmed these fundamental observations,
sometimes even called “laws.”

In spite of this, the conclusion that the metabolic rate of alcohol is independent
of the concentration of alcohol in the organism has been repeatedly challenged,
and convincing experimental evidence has been brought against it. Not a few
investigators have failed to find a rectilinear curve of alcohol disappearance
from the body and found a hyperbolic curve instead, the slope of which decreases
with decreasing concentrations of alcohol. Even some who have found a rectilinear
course of the curve claim a definite dependence of alcohol metabolism on alcohol
concentration. Newman et al.’s (122) experiments have led to the astonishing
conclusion that the metabolic rate of alcohol depends on the initial content of
alcohol in the organism, but remains constant until all alcohol has disappeared.
The experiments do show that a dog starting with a higher alcohol content
in the organism has a steeper decline in the alcoholaemic curve than another
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dog starting with a lower alcohol content, even when the decline is measured
from a point where the two dogs have exactly the same concentration of alcohol
in their blood. Moreover, if a dog is pretreated with a certain amount of alcohol,
a renewed smaller dose given shortly after the first dose of alcohol has been
metabolized will disappear at a constant rate equal to the rate of disappearance

TABLE 1
i | DEPENDENCE OF ALCOHOL
SPECIES AUTHOR AND REFERENCE METHOD OF INVESTIGATION | METABOLIC RATE ON ALCOHOL
I CONCENTRATION
Dog Mellanby (105) alcoholaemic curve | no
Widmark (149) alcoholaemic curve | no
Newman and Lehman | alcoholaemic curve | no
(118) !
Ewing (47) alcoholaemic curve | yes, hyperbolic curve
Cutting, Newman & alcoholaemic curve | yes, rectilinear decline, of
Lee (32) ! + infusion experi- alcoholaemic curve, but
ments ‘“‘conditioning”’
Loomis (100) Same no

(118)
Eggleton (46) alcoholaemic curve

+infusion experi-

yes, hyperbolic curve

|

Cat Newman and Lehman | alcoholaemic curve | no
1
|

ments
Mice Nicloux (123) analysis of total yes, hyperbolic curve
animal
Rat Le Breton (91) analysis of total no
animal
Guinea pig | Le Breton (91) analysis of total yes, hyperbolic curve
animal
Rabbit Newman and Lehman | alcoholaemie curve i o
(118) | i
Le Breton (89, 91) , analysis of total | ves, hyperbolic curve
animal |

Results of some experiments on the dependence of alcohol metabolic rate on alcohol
concentration in the tissues. All these experiments seem to have been performed with
equally reliable techniques.

of the first dose (122). Newman says that the high dose of alcohol has ‘“con-
ditioned” the organism to a higher rate of alcohol metabolism (111, 112). The
phenomenon is difficult to explain in the term of our present knowledge of the
mechanism of alcohol metabolism and of the nature of enzymatic processes.
Some of the reliable experimental results of the dependence of alcohol metabolic
rate on alcohol concentration are assembled in table 1. It is seen here that they
differ widely from each other, not only from investigator to investigator but
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in some cases investigators from the same group have obtained different results
from time to time. These contradictions have naturally inspired some investiga-
tors to vary their experimental technique in order to check their findings. The
most commonly used variation in the technique has been to infuse alcohol
diluted with saline slowly at a constant rate for hours in an experimental animal
or a person. If the infusion rate exceeds the metabolic rate, an increased con-
centration of alcohol in the blood will result and vice versa. Such experiments
have been made with dogs by Newman and his group (111). Here it was found
that a higher infusion rate was necessary to maintain a high alcohol concentra-
tion in the blood than to maintain a low level. Eggleton (46) obtained the same
results in cats. The experiments were repeated by Loomis (100) in dogs, but
he found that the same infusion rate (within & 309,) was able to keep the
blood alcohol level constant for several hours independently of the concentra-
tion of alcohol in the blood. All three series of experiments seem to be beyond
criticism, and the only conclusion which can be drawn is that the conditions
of alcohol metabolism can vary from time to time, even in the same species.

As to man, until recently experiments on several hundred persons had in-
variably shown no signs of a dependence of the alcohol metabolic rate on the
concentration of alcohol, either in form of an asymptotic approach of the alco-
holaemic curve to the zero line or a steeper slope in persons with an initial high
alcohol concentration in the blood. From a practical point of view it seems
well established that the human organism metabolizes alcohol at a constant rate
independent of the concentration of alcohol. For low concentrations of alcohol
this is confirmed by Newman and Cutting (115) who in experiments with man
were able to maintain the blood alcohol concentration at a constant level with
the same amount of alcohol slowly infused intravenously, whatever the initial
blood alcohol concentration between 15 and 94 mg 9,. Yet even here some recent
experiments show a dependence of alcohol metabolic rate on alcohol concentra-
tion. Hjelt (74) working for the Finnish government and Goldberg (54) working
for the Swedish government both found a statistically significant increase of the
B-factor with increased amounts of alcohol ingested. In Goldberg’s material
the g-factor was found increased about 409, when 1.5 grams alcohol per kg
body weight was taken instead of 0.5 gram per kg. In both series of experiments
the results were widely scattered, indicating that many experiments must be
made in order to show the effect. '

A quite different approach to the problem indicates that, at least in man and
rabbits, the metabolic rate of alcohol is not completely independent of the
concentration of alcohol. As mentioned later, tetraethylthiuramdisulphide (anta-
buse) is able to inhibit the second step in alcohol metabolism, the oxidation of
acetaldehyde to acetate. Organisms pretreated with this substance will there-
fore accumulate acetaldehyde after the administration of alcohol and the con-
centration of acetaldehyde will depend on the rate at which acetaldehyde is
formed, i.e., the metabolic rate of the first step of alcohol oxidation. In rabbits
(68) and in man (128) it is found that the concentration of acetaldehyde, both
in untreated subjects and after antabuse and alcohol, is higher with higher
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concentration of blood alcohol and vice versa. This suggests that the oxidation
of alcohol to acetaldehyde proceeds at a higher rate with higher concentrations
of alcohol. On the other hand, the metabolic rate of alcohol can be calculated
from the concentration of acetaldehyde in the blood, and an elimination curve
in the rabbit constructed from these calculations shows so little deviation from
the straight line that it lies within the analytical error of the alcohol determina-
tions (77). We have no information about the relation between acetaldehyde
production and the blood acetaldehyde concentration in man, and it is at present
impossible to make a similar calculation for the human organism; but, if the
conditions are similar to those in rabbits, it will also here be impossible to dis-
tinguish between a rectilinear decline and the expected slightly curved decline
in the blood alcohol.

Our present knowledge can probably be summarized in the following state-
ment: The rate of oxidation of ethyl alcohol in the organism is somewhat in-
creased with increasing concentrations of alcohol. Within the concentrations
possible in the living organism this increase is so small that the elimination
curve of alcohol generally follows a straight line, and for all practical forensic
purposes no error is made if we assume a rectilinear elimination curve for alcohol.
Under certain conditions which have not yet been defined the dependence of
alcohol metabolism on alcohol concentration may be so pronounced that the
blood alcohol curve deviates significantly from the straight line. An attempt to
explain this is given in a later section.

Individual Variations: Widmark concluded from his experiments that the
capacity to metabolize alcohol was subject to relatively little variation within
the species, and to still less variation from time to time within the same indi-
vidual. Taken as a whole, later investigations have confirmed his point of view,
but in some experiments a slight, but statistically significant variation in g is
observed in the same individual, even when measured under apparently the
same conditions (135, 136). The observed variation is, however, not very high.
In man it is not found to exceed 259, in any published experiment, which is so
close to the exactitude with which 8 can be determined that many experiments
are necessary in order to demonstrate this variation with statistical significance.
In man all the experiments on the variation of the alcohol metabolic rate in
the same individual have been made at relatively short intervals, and no experi-
mental evidence is found in the literature as to the order of magnitude of the
variations occurring during the whole life cycle. In rats, it is shown that young
animals have a much higher metabolic capacity for alcohol per unit of weight
than older rats, while the capacity in chickens is the same at all ages (ctt. after
35). The problem of the variation within the single individual may have some
forensic importance, but theoretically it must be considered a minor one.

The question of whether the continued use of alcohol can increase the capacity
of the organism to metabolize alcohol has been the aim of extensive investiga-
tions and discussions in earlier papers. Comprehensive reviews are given by
Bernhard and Goldberg (12) and Carpenter (21). The general opinion now is
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that the metabolic rate of alcohol is not increased, even after long and continued
use of alcohol, either in rabbits (80), dogs (114), rats (4), cats (46) or man
(12, 135).

Effect of Body Temperature: Like all other chemical processes, the metabolic
rate of alcohol depends on temperature. In experiments with frogs Nicloux
(123) found that the rate was doubled for each 10° rise in temperature. Dybing
(45) showed that 8 in rats with a body temperature of 20-25° was about a
fourth of that found in rats with a body temperature of 38-39°. In rabbits
Fuhrman (52) found an increase of 569, with an increase of body temperature
from 25° to 37°. The variation of body temperature must, however, be rather
high if any influence on the metabolic rate is to be demonstrated, and it has
not been observed by all investigators. Thus Le Breton (94) could not demon-

“strate any effect of temperature in rats and Ewing (47) failed to show any differ-
ence in dogs after the temperature had been raised about 4° C. by means of
short-wave radiothermy. In man Fleming and Reynolds (51) observed a slight,
though not quite convincing, increase after diathermy and in a couple of experi-
ments Danopoulos (34) was able to demonstrate a higher rate of disappearance
of alcohol from blood in patients during attacks of malaria than in the fever-free
periods, but the difference was not very high. The effect of fever induced by
drugs, such as a-dinitrophenol, will be discussed later.

Influence of Metabolic Processes: From species to species there seems to be a
rough relation between basal metabolism and capacity to metabolize alcohol
(95); small animals with high metabolism per kg body weight have a higher
metabolic rate of alcohol per kg body weight than bigger animals, but so far
only mice, rats, guinea pigs and rabbits have been examined. Within the single
individual, it is well established that the metabolic rate of alcohol does not follow
the variations of the general metabolism. Even heavy muscular work sufficient
to increase metabolism maximally is not able to increase the rate of disappear-
ance of alcohol in the blood mork than can be explained by the increased evapora-
tion through perspiration and respiration (24, 91, 124). Less clear is the effect
of increased metabolism caused by hyperfunction of the thyroid gland or by
intake of thyroid hormone. Some have found an increase, some a decrease, and
still others no effect (39, 70, 80, 152). Starvation decreases the metabolic rate of
alcohol to -3, and tissues from starving animals oxidize alcohol more slowly than
normal tissues in vitro (97). The metabolism of fat seems to have no influence
(40). The same is the case with protein metabolism. The possible influence of
alanine metabolism (90) seems to be connected with the deamination of alanine
to pyruvate, as will be mentioned later.

The influence of carbohydrate metabolism has been much discussed. Donicheff
(40) and Berg, Stotz and Westerfeld (10) showed that animals kept on a high
carbohydrate diet, and consequently with a high metabolism of carbohydrate,
had a higher metabolic rate than animals kept on a diet low in carbohydrates.
Dontcheff was even able by means of measurements of the RQ to show that
the metabolic rate of alcohol closely followed the amount of carbohydrate
oxidized in rats (41). In mice, the alcohol metabolism is retarded after starving,



METABOLISM OF ETHYL ALCOHOL 115

but rapidly brought back to normal range for this species after a single dose
of glucose. In organisms with sufficient carbohydrate reserves, the additional
administration of carbohydrate is without influence on the alcohol metabolism
and the rate of alcohol metabolism is found to be independent of the level of the
blood sugar (27, 75, 85, 100). Only Carpenter and Lee (22, 23) found an increase
after glucose, but their technique of determining the rate of alcohol metabolism-
disappearance of alcohol from the expired air is probably less reliable than the
direct measurement of blood alcohol.

A long series of investigators have eramined the role of tnsulin in alcohol
metabolism. Depancreatized dogs and cats show a rate of alcohol metabolism
only 3—% of that of normal animals. The effect of pancreatectomy on the alcohol
metabolic rate starts about 24—48 hours after the operation and is first complete
72 hours after. In witro, livers from pancreatectomized cats showed only a
slight capacity to oxidize alcohol, about § of that of livers from similar animals
treated with insulin (30). Diabetic patients seem, however, to have the same
~ capacity to metabolize alcohol as normal persons. The effect of pancreatectomy
has not been observed by all investigators, (106) and is in any case not so intense
as after hepatectomy (30).

The effect of the administration of insulin to normal organisms on alcohol
metabolism has been the subject of numerous investigations. Some of the
results are difficult to evaluate: in many cases it is impossible to calculate the
B-factor from the experimental data, and where the authors draw their con-
clusions from a lower peak of the blood alcohol curve after insulin and oral
administration of alcohol, the effect might have been due to a delayed absorp-
tion of alcohol, and not to an effect on alcohol metabolism in itself. But even
the results of experiments made with a reliable technique differ from author to
author. One group find a definite acceleration of alcohol metabolism in dogs
after insulin. This was first shown by Supniewsky (139) in 1926 and later con-
firmed by Widmark (151), Clark and coworkers (28-30), Greenberg (58) and
Newman and Cutting (117). About 1 unit of insulin per kg body weight is neces-
sary to obtain an effect. In rats no effect could be seen with doses of insulin up
to 15 units per kg; in rats kept on high carbohydrate diet, 40 and 500 units
insulin per kg body weight caused a marked increase of the alcohol metabolic
rate, especially when the insulin was given during several days (42). Some in-
vestigators claim to have observed an effect in man after single doses of 20,
40 or more units of insulin (137). The maximal increase of 8 after insulin in
experiments with man or dogs has, however, never exceeded 509.

On the other hand, not a few investigators have found no effect of insulin on
aleohol metabolism, even with high doses of insulin and the addition of extra
glucose (59, 70, 100). There can thus be little doubt that the effect of insulin
in this respect does not occur under all circumstances. Perhaps Widmark’s
(152) observation that he only saw the effect of insulin in dogs with a low alcohol
metabolic rate and not in animals with a high metabolic rate, gives a hint of a
possible explanation.

The effect of alcohol on carbohydrate metabolism is very little known. On
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the whole alcohol seems to have no effect on the normal or increased blood
sugar. It has been claimed that the continuous intake of alcohol impairs glycogen
formation in the liver, and the insulin-glucose treatment of chronic alcoholics is
based on this conception. But the conditions in chronic clinical alcoholism in-
volve a long series of other factors which have nothing directly to do with the
metabolism of alcohol in these patients. All experiments on the connection
between alcohol and carbohydrate metabolism have been rather primitive, as
none of the experiments has given information of the fate of the carbohydrate
administered or present in the organism, or about the oxidation, mobilization
and formation of glycogen in the liver or the muscles, and it is difficult to suggest
any explanation of the effect until further details about the carbohydrate
metabolism in such experiments are available.

The experimental evidence puts it beyond doubt that there is some connec-
tion between carbohydrate and alcohol metabolism. As it is very unlikely that
alcohol is metabolized by the same systems of enzymes and regulated by the
same systems of hormones as carbohydrate metabolism, the hypothesis has
been advanced that certain metabolites of carbohydrate are able to react with
alcohol in the tissues, and here interest has been concentrated on pyruvic acid,
which seems to have an effect like insulin on the alcohol metabolism. Leloir
and Mufioz (97) observed an acceleration of alcohol oxidation by pyruvic acid
and by oxalacetate in tn-vitro experiments with liver slices. In experiments with
dogs in vivo, Westerfeld, Stolz and Berg (143) found an average increase of the
alcohol metabolic rate of 2-3 times after about 0.5 g to 1 g sodium pyruvate per
kg body weight, and this finding is confirmed by other authors (538). An increased
formation of acetaldehyde is also found after administration of pyruvate and
alcohol (144). The effect of pyruvate does not seem to be found under all cir-
cumstances: Hulpieu et al. found no accelerating effect in dogs (75), neither
could Gregory and his coworkers (60). The discrepancy between the results ob-
tained in the same experimental animals with apparently reliable experimental
methods is possibly due to the fact that Westerfeld et al. worked with animals
with a much smaller initial metabolism of alcohol than Hulpieu and coworkers.
There may be an analogy with the above mentioned observations of Widmark,
who only found an accelerating effect after insulin in animals with a relatively
slow initial metabolism of alcohol. Bartlett and Barnet found that pyruvate
not only did not stimulate alcohol metabolism, but even inhibited it, both in
vivo and in vitro (8). Their experimental technique differed, however, con-
siderably from that of the other workers: Alcohol with C! was given to rats,
and the rate of alcohol metabolism was measured from the amount of radio-
active CO, excreted per hour. Pyruvate delayed alcohol metabolism measured
in this way considerably. A possible explanation of this will be discussed in a
later section.

The accelerating effect of dl-alanine was first suggested by Widmark (148,
150), confirmed by Le Breton in rabbits (90), by Eggleton in cats (46), and most
recently also found by Westerfeld et al. in dogs (143). The effect is of the same
order of magnitude as the effect of pyruvate. Westerfeld and his coworkers showed
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an increase of pyruvate and lactate in the blood after the injection of di-alanine,
and as the maximal effect on alcohol metabolism in some experiments was found
delayed by one hour or more, in comparison with the effect of corresponding
amounts of pyruvate, they concluded that the effect of alanine is merely due to
pyruvate formed in the organism from alanine by deamination (143).

Vitamin Deficiencies: In spite of the important role vitamins are known to
play in general metabolism, very few investigations have been made on alcohol
metabolism during vitamin deficiencies. This is the more astonishing as it is
known that at least two members of the vitamin B group are found in coenzymes
necessary for the metabolism of alcohol and its metabolites in the tissues:
nicotinic acid which is part of the diphosphopyridine nucleotide molecule, and
riboflavin which is part of the flavoprotein.

In experiments with dogs and pigeons deficient in thiamine no effect on the
metabolic rate of alcohol was seen (10). This conforms well to the fact that no
enzyme containing thiamine is found to play a part in any known system in
alcohol oxidation; the thiamine deficiencies observed in chronic alcoholism must
probably be attributed to lack of thiamine from improper food intake.

Guinea pigs fed on a scorbutogenic diet showed an alcohol metabolism about
half the rate than seen in normal control animals (79). The role of vitamin C in
alcohol metabolism is unknown.

Effect of Drugs on Alcohol Metabolism: Of the many drugs so far examined only
dinitrophenol and dinitrocresol have been found to accelerate alcohol metabolism.
In dogs an increase of 100-2009, was found in the first experiments with «-di-
nitrophenol or dinitro-o-cresol (70, 15). Such large effects were not found by
other investigators who claimed that the increased alcohol elimination after
dinitrophenol seen in their experiments could be explained by increased alcohol
excretion due to increased respiration and perspiration caused by the increased
general metabolism after ingestion of a-dinitrophenol (120). Ewing (47) found a
definite but more moderate increase of alcohol metabolism in dogs after a-di-
nitrophenol, even when the amount of alcohol excreted in the urine, the expired
air and the sweat was taken into consideration. However, very high and toxic
doses of a-dinitrophenol are necessary to demonstrate the effect. The use of
a-dinitrophenol to accelerate alcohol metabolism in intoxicated persons would
therefore be too dangerous for practical use in patients. The addition of dinitro-
phenol to the blood of artificially perfused isolated livers has no effect on the
rate of alcohol disappearance from the circulating blood (48); but, in vitro,
dinitrophenol in a concentration of 1:5,000,000 has been found to increase alcohol
oxidation in liver slices by 5-109%,; higher concentrations gave a definite in-
hibition (121).

Other drugs seem to inhibit the alcohol metabolism. In dogs, Clark and co-
workers found that phloridzine inhibited alcohol metabolism by about 25%,.
They interpret this effect as due to fatty infiltration of the livers and starvation
of the animals (30).

Cyanamide and antabuse, two drugs known to have a strong inhibitory effect
on the second step of alcohol oxidation (acetaldehyde to acetic acid) have also a
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definite effect on the first step, although in doses much higher than those neces-
sary to influence the acetaldehyde oxidation. Gdriner (53) found an almost
complete inhibition of alcohol metabolism after the administration of cyanamide
to rabbits. Also in rabbits, higher doses of antabuse (tetraethylthiuramdisulphide)
result in a decrease of B to almost zero (66). A similar trend was seen in dogs
(119). Smaller doses of antabuse, fully capable of inhibiting the acetaldehyde
oxidation, have no effect on the rate of alcohol metabolism, either in man (65),
rabbits (66, 89) or dogs (100, 113, 119).

From a practical point of view it is important whether or not it is possible to
accelerate the alcohol metabolism in a person under the influence of alcohol.
It will be understood that although some procedures seem to have an effect in
some cases, their effect has been disputed and seems only to appear under certain
conditions the nature of which has not yet been cleared up. Moreover, very few
reliable experiments have been made on man. As mentioned the use of dinitro-
phenol is too dangerous. With insulin it is of no use to give a dose of less than
0.5 unit per kg body weight; with, for example, 40 units of insulin + glucose the
effect presumably does not exceed 509, 7.e., the elimination time of a certain
concentration of alcohol is shortened by one third, but many patients will most
likely not show any measurable effect even after this high dose.

THE SITES OF ALCOHOL METABOLISM IN THE ORGANISM

The liver is the most important organ capable of oxidizing alcohol. Liver
slices and liver brei can oxidize alcohol in vitro (8, 9, 30, 97, 103), and liver forms
the raw material for the isolation of alcohol-oxidizing enzymes (18, 19). More
important is the fact that surviving livers, artificially perfused with blood con-
taining alcohol, remove the alcohol from the blood at a rate corresponding to
1 to § of the rate expected in the whole organism. Such experiments have been
made in dogs (48), cats (102) and rabbits (68). The earliest of these published
experiments were made by Fiessinger et al. in 1936 (48), but the most compre-
hensive are the experiments of Lundsgaard (102) who followed not only the
disappearance of alcohol but also the oxygen consumption and carbon dioxide
production. He showed that the alcohol is only partially oxidized in the liver
under these circumstances, presumably to acetic acid.

Some experiments seem to indicate that muscles can oxidize alcohol to a certain
degree. Fleischman (50) found a lowering of the respiratory quotient when frog
muscles were made to contract in a Ringer’s solution containing alcohol. He
also found a formation of aldehyde or ketone in muscle brei suspended in a
Ringer’s solution during 24 hours. He claimed that this was due to acetaldehyde.
Lehman showed that horse muscle and alcohol are able to decolorize methylene
blue in Thunberg experiments (96). Earlier Hammzll (69) and Fischer (49) found
the isolated heart capable of utilizing alcohol. Their experiments were extensive,
but as they were made in 1910 and 1917, respectively, they ought to be repeated
with more modern techniques. Nevertheless they fit well with the recent ob-
servation that rat diaphragm and rat heart muscle in vitro from C“O, from

2*H;OH (8). It has already been mentioned that muscular work has no in-
fluence on the rate of alcohol metabolism in mammals.
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Some investigators have detected the oxidation of alcohol by kidney tissue
in vitro. In some experiments the effect was small (97), but in single paper re-
ports an effect even exceeding that of liver tissue (8); but the role of the kidneys
in alcohol metabolism in the intact organism cannot be very important.

It has been discussed whether or not brain tissue is capable of oxidizing and
utilizing alcohol. Himwich et al. (72) have found that the respiratory quotient
of cortex tissue of rats was 0.8-0.9 after intraperitoneal injections of alcohol as
against 1.0 in untreated animals. They interpret this finding as evidence for the
ability of cerebral cells to oxidize alcohol, as the respiratory quotient for alcohol
(0.67) is much lower than the respiratory quotient for carbohydrate (1.00)
which is the normal substrate for oxidation in the brain. No perfusion experi-
ments have been made and the results of the in-vitro experiments vary con-
siderably. Dewan (37) found ox brain in vitro capable of forming acetaldehyde
and acetic acid from added alcohol and chemically identified both metabolites.
The oxidation requires a nicotinic acid-containing catalyst, diphosphopyridine
nucleotide (see later). He also found brains from dog, cat, pig, cow, guinea pig
and rabbit (all the species examined) able to oxidize alcohol in vitro (36). In
experiments with radioactive alcohol (C*) Bartlett and Barnet found no formation
of C*0, by brain tissue from rats (8). Asto thesignificance of the possible capacity
of the brain tissue to metabolize alcohol, all investigators agree that it plays a
very small role in the alcohol metabolism of the total organism, and that its
significance as an energy spender in brain metabolism is of no practical im-
portance. It has been suggested that the alcohol oxidases present in the brain
may have a function as a possible ‘“‘detoxicator’ of alcohol, and thereby as a
natural protector of the brain tissue against alcohol. However, until now there
is no experimental evidence for this hypothesis.

As to the other tissues Leloir and Mufioz have examined testes, spleen and the
intestinal tract in vitro and did not find any oxidizing effect of these tissues (99).
For the sake of completeness it must be mentioned that Lehman (96) found that
tissue from a sarcoma catalyzed the reaction of alcohol with methylene blue in
Thunberg experiments.

Up to the end of the 1930s there was much discussion about which organ
should be regarded as the principal one in alcohol metabolism (see the reviews
by Kochmann (87), Rosemann (133) and M. Schmidt (135)). Now there can be
little doubt that by far the largest part of alcohol metabolism takes place in the
liver, and that the tissues outside the liver play only an insignificant role. As
already mentioned, artificially perfused livers have shown a capacity to metab-
olize alcohol corresponding to a great part of what can be expected of the whole
organism. More important is the fact that eviscerated animals metabolize alco-
hol very slowly (28, 29). In hepatectomized dogs Loomzts infused alcohol at the
rate of 3 mg per min. per kg. This resulted in progressively increasing blood
alcohol levels, although the same amount infused in control dogs gave no in-
crease in blood alcohol levels (100). The increase of blood alcohol in Loomzis’
experiments after 2 hours infusion was of an order of magnitude which indicates
that very little alcohol, if any at all, had been metabolized in the hepatectomized
dogs. In partly hepatectomized animals the metabolic rate of alcohol decreased
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as more liver tissue was removed, to almost nil when the animals were totally
hepatectomized (107, 108). These and similar results conform well with the
fact that liver damage caused by arsenic, chloroform, phosphorus (125) and
antimony (126) results in a lowered capacity of the organism to oxidize alcohol
(4, 13, 26, 108). It is also shown that the alcohol metabolism is decreased in
patients with liver cirrhosis (13). In rats Lolli and Rubin found that the alcohol
metabolism had already fallen to £ of the normal value 24 hours after ligation of
the bile duct (99). The variation from individual to individual is, however, too
high and the effect too uncertain to allow the metabolic rate of alcohol to be used
as a clinical liver function test (13).

THE INTERMEDIARY PRODUCTS IN ALCOHOL METABOLISM

There is little doubt that the oxidation of alcohol takes place in steps, and the
following steps are by far the most likely:

1) CHs CH; 2) CHs CH,
| - 2H — | | + H,0 — 2H — |
CH,OH CHO CHO COOH
ethyl alcohol acetaldehyde acetaldehyde acetic acid

Acetaldehyde: There is much essential evidence that acetyldehyde is an inter-
mediate in alcohol oxidation. In #n-vitro experiments with tissue slices or with
tissue brei, acetaldehyde can be isolated as a reaction product (103). It will later
be shown that with all purified enzyme systems acetaldehyde appears as the
primary oxidation product of alcohol. In mvo, acetaldehyde is found in the blood
during alcohol metabolism, and when alcohol oxidation is accelerated by means
of insulin or pyruvic acid, the concentration of acetaldehyde is raised (139,
144). Acetaldehyde does not seem to be an intermediate product of normal
metabolism (76). Thus the presence of acetaldehyde is specifically linked with
alcohol metabolism, and a description of acetaldehyde oxidation clearly falls
within the scope of this review.

The liver is the principal site for the oxidation of acetaldehyde. Evisceration
of cats delays the elimination of intravenously infused acetaldehyde 4-5 times
(101), and in experiments with artificially perfused rabbit livers Hald, Jacobsen
and Larsen (68) have found such livers able to metabolize about $—# of the amount
which would be expected to be metabolized by intact animals. Other tissues,
especially muscles, are not completely unable to oxidize acetaldehyde but their
action is much less than that of the liver, both per gram tissue and in the whole
organism. In contrast to what is generally found with alcohol, the metabolic
rate of acetaldehyde depends on the concentration of acetaldehyde in the tissues.
In perfused rabbit livers an acetaldehyde concentration of 7-8 mg per 100 gram
is necessary to get the maximal metabolic rate of this substance, while a con-
centration of 1-2 mg per 100 gram only results in a metabolic rate of about half
of the maximum (68).

Acetyldehyde is very readily oxidized in the organism. Lubin and Westerfeld
(101) found that 100 mg/kg was eliminated during 10-15 min. by a cat. Hald
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and Larsen (64) found that rabbits could eliminate at least 3 mg per kg per min.
and sometimes more for hours; in experiments with man, a person weighing
about 70 kg was easily able to eliminate about 8 mg of acetaldehyde per minute,
but the maximum rate is most probably considerably higher (6). From these
figures it is seen that the oxidation rate of acetaldehyde to acetic acid is much
faster than the oxidation rate of alcohol to acetic acid, and therefore the limiting
factor is the first step, the oxidation of alcohol to acetaldehyde. Even a con-
siderable inhibition of acetaldehyde oxidation has no influence on the rate of
alcohol disappearance.

Inhibition of the oxidation of acetaldehyde: Certain drugs are able to inhibit
the oxidation of acetaldehyde. Of those the effect of tetraethylthiuramdisulphide
(antabuse) has been most studied. When rabbits premedicated with about 1
gram of antabuse per kg body weight are infused continuously with acetaldehyde,
the concentration of acetaldehyde in the blood is considerably higher than in
control rabbits infused with acetaldehyde at the same rate (64). Similar results
have also been obtained by Newman (113) in experiments with dogs. The in-
crease depends on the concentration of acetaldehyde and is the less pronounced
the higher the infusion rate. At small infusion rates (e.g., 1 mg per min.), the
increase is several 1009, and near the maximum capacity of the organism to
metabolize acetaldehyde the effect of antabuse is nil (64). The same can be seen
in experiments with artificially perfused livers and to a less pronounced degree
with artificially perfused hindlimbs (68). Antabuse interferes very little with
the maximum capacity of an organism to metabolize acetaldehyde, but it in-
creases the tissue concentration of acetaldehyde necessary to metabolize a
certain amount of acetaldehyde per unit of time. For example, it may be men-
tioned that while livers from normal untreated rabbits require about 0.2-0.5
mg acetaldehyde per 100 gram in order to metabolize about 3 mg acetaldehyde
per minute per 100 gram of liver, livers of rabbits treated with antabuse require
2-3 mg per 100 gram in order to metabolize the same amount. With concentra-
tions of 15-20 mg per 100 gram, livers from both treated and untreated ani-
mals were able to metabolize the same maximum amount of acetaldehyde, 9-10
mg per minute per 100 gram of liver tissue (68). This fits in very well with the
findings of the enzyme chemists.

Formation of acetaldehyde during alcohol metabolism: Acetaldehyde has re-
peatedly been found in the blood during alcohol metabolism in dogs (113),
cats, rabbits (89) and man (63). As already mentioned the concentration of
acetaldehyde obtained depends somewhat on the concentration of alcohol in
the blood, and the theoretical consequences of this phenomenon have already
been discussed. The concentration rarely exceeds about 1 mg per 100 cc with
200-300 mg of alcohol per 100 ce, and with small concentrations of alcohol
only negligeable amounts of acetaldehyde are found in the blood in normal indi-
viduals. Alcohol given to animals premedicated with antabuse results in a much
higher (2-10 times) concentration of acetaldehyde in the blood than that found
with the same concentration of alcohol in normal non-treated animals (63, 66,
73, 77, 98, 104, 119). The highest concentration seen in any experiment is about
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3 mg acetaldehyde per 100 cc blood. It is natural to relate this phenomenon
with the effect of antabuse on acetaldehyde metabolism, and this assumption is
confirmed by the close agreement between the expected concentration of acet-
aldehyde calculated from the rate of alcohol disappearance and the concentra-
tions actually found (77).

Not only antabuse, but a number of other substances cause a similar increased
concentration of acetaldehyde after the administration of alcohol. In experi-
ments with rabbits this has been found to be the case with cyanamide (67),
a substance which has long been known to provoke disagreeable symptoms in
combination with alcohol, similar to those observed after antabuse. In hitherto
unpublished experiments Hald and Larsen have found that tetraethylthiuram-
monosulphide and diethyldithiocarbamic acid also cause the accumulation of
acetaldehyde. Among the analogues to tetraethylthiuramdisulphide, thiuramdi-
sulphide has no effect, and tetramethylthiuramdisulphide has an effect some-
what higher than tetraethylthiuramdisulphide but its general toxicity is much
higher. The effect declines rapidly as we pass through tetrapropylthiuramdisul-
phide to tetrabutylthiuramdisulphide, the effect of which is nil.

A series of other substances elicit the same clinical symptoms as cyanamide
and antabuse after alcohol intake. The most frequently mentioned are some
hitherto unknown substances in the fungus Coprinus atramentarius, carbontetra-
chloride and charcoal (109), but so far no examination has been made of the influ-
ence of these substances on acetaldehyde metabolism.

Acetic Acid: Until recently acetic acid was merely a hypothetical step in
alcohol metabolism, mainly because the determination of acetic acid in tissues
is rather difficult. In an ingenious way Bernhard has brought experimental
evidence for this hypothesis since 3—} of the deuterium given with the alcohol
CD;CD,OD was recovered as the acetate of paraacetylbenzene sulphonamide
excreted in the urine and derived from simultaneously administered sulphanilam-
ide (11). The acetate formed during the oxidation of alcohol in the liver is
not exclusively oxidized in this organ, but is carried with the blood to other
tissues (e.g., to the muscles) and is utilized there. In Lundsgaard’s (102) per-
fusion experiments with isolated livers the amount of oxygen used was too small
for the total oxidation of the alcohol which disappeared. He therefore assumed
that the oxidation of some of the alcohol did not proceed further than to the
acetic acid stage, and his assumption was confirmed by the fact that a consider-
able amount of acid was found in the perfusion blood during the experiment.
Under normal circumstances the acetate must be rapidly oxidized further to
carbon dioxide and water. Bartlett and Barnet (8) showed that more than 909,
of the radioactive carbon can be recovered as C40O, from the expired air within
10 hours after the administration of C3*H,OH. When other metabolites were
given together with alcohol (e.g., pyruvate), the excretion of C“O, was sub-
stantially delayed. This is not in contradiction to the findings that the first step
of aleohol oxidation can be accelerated with pyruvate, but is rather to be ex-
plained as a delayed oxidation of acetate formed from alcohol. Acetate is also
formed as an intermediate step in normal metabolism, not only in the process of
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oxidation but also in the formation of fats and perhaps also glycogen, and when
the general metabolic processes are increased, for instance after the administra-
tion of pyruvate, the acetate formed from alcohol will be pooled with the acetate
formed from other metabolites and the oxidation thus delayed. The nutritional
value of alcohol is easily explained by the fact that the second product of oxida-
tion, acetic acid, is a compound also found during the metabolism of carbo-
hydrate, fats and protein. The acetic acid from alcohol joins the “acetylic pool”’
of normal metabolism, and from this step on the metabolism of alcohol offers no
special problem. The description of acetate metabolism is not within the scope
of this review, and the interested reader is referred to special articles on this
subject (16).

POSSIBLE BIOCHEMICAL PROCESSES OF ALCOHOL METABOLISM IN THE
ANIMAL ORGANISM

In 1910 Battelly and Stern (9) showed that extracts from animal tissues are
able to oxidize alcohol in vitro. In the 25 years following this basic observation
practically no attempt was made to study the biochemical processes of alcohol
metabolism in animal tissues, but much evidence has been gathered since the
middle 1930s showing a number of possible mechanisms for the oxidation of
alcohol to acetaldehyde and of acetaldehyde to acetic acid.

Alcohol — Acetaldehyde: Two widely different processes are possible as the
first step of alcohol oxidation: dehydrogenation and a reaction with hydrogen
peroxide. The first process is catalyzed by alcohol dehydrogenase, the latter is
catalyzed by catalase.

Alcohol dehydrogenase: This enzyme catalyzes the transference of hydrogen
from alcohol to the nicotinic acid-containing compound diphosphopyridine
nucleotide, abbreviated DPN (also called cozymase in earlier nomenclature),
according to the formula:

Alcohol + DPN = Acetaldehyde + DPNH + H+
(Alcohol dehydrogenase)

The alcohol dehydrogenase from yeast was the first to be thoroughly examined
It was crystallized by Negelein and Wulff (110) who also described it more
closely. Animal alcohol dehydrogenase was studied by Lehman who first showed
the dependence on cozymase (96). In 1938 Lutwak-Man purified alcohol de-
hydrogenase from liver and studied its properties more closely (103). About 10
years later Bonnichsen and Wassén crystallized the dehydrogenase from horse
liver (18, 19) and this crystalline enzyme was comprehensively examined by
Theorell and Bonnichsen (141). It differs from the yeast alcohol dehydrogenase
in several respects, the most important of which are that the molecular weight
of the yeast enzyme is about twice that of the liver enzyme (141) and that the
yeast enzyme, unlike the liver enzyme, is inhibited by monoiodoacetate (103).
Its most interesting chemical property is that it can be bound to diphospho-
pyridine nucleotide and to reduced diphosphopyridine nucleotide (141). The
combination probably occurs between the pyridine group of the coenzyme and
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some sulfhydryl group in the dehydrogenase molecule. As indicated by the
equation, the processes are reversible. The constants found in the experiments
shows that at pH 7 in a state of equilibrium the rates alcohol: acetaldehyde
will be about 60. The process nevertheless usually proceeds from left to right
in the tissues in spite of the rather ‘“unfavorable” equilibrium point, and this
is naturally due to the fact that acetaldehyde is very rapidly oxidized further
and thus removed from the equilibrium. The equilibrium figure is greatly in-
creased (to 10,000) when the concentration of dehydrogenase in the system is
low. The coupling of the coenzyme to the enzyme greatly favours the oxidation
of ethanol to acetaldehyde, and the reaction is rather improbable without this
effect.

Two of the results obtained by Theorell and Bonnichsen (141) are of extreme
practical interest. The turnover number (the number of molecules of alcohol
oxidized by one molecule of enzyme per minute) is found to 140 at 20°. It is
probably somewhat higher at 37°, but on the other hand this figure is determined
under optimal conditions which probably are not found in the organism. Using
the turnover number 150, 73 grams (1 millimol, as the molecular weight of the
dehydrogenase is 73,000) enzyme is able to oxidize 150 X 46 mg alcohol =
6.9 grams alcohol per minute, or 414 grams per hour. In order to oxidize 10
grams alcohol per hour, 1.7 grams alcohol dehydrogenase must be present in
the organism. This is not an astonishingly high figure. Bonnichsen (18) obtained
a yield of 1 gram of crystalline dehydrogenase per kg of horse liver, and thus
it does not seem incredible that a human liver weighing about 1.5 kg should
contain 1.5 grams of alcohol dehydrogenase, enough to oxidize the amount of
alcohol actually oxidized by the human organism per hour. Another interesting
point is that the Michaélis constant (an expression of the affinity between enzyme
and substrate) is so low that the rectilinear course of the physiological alcohol
elimination (down to tissue concentrations of alcohol too low to be determined
by most methods available) found in human experiments is to be expected from
the kinetic data of the in-vitro experiments with the pure enzyme.

The alcohol dehydrogenase is not specific for ethyl alcohol, since the oxida-
tion of propyl alcohol, amyl alcohol and butyl alcohol is also catalyzed (103,

: |
140). Only alcohols containing the group —C—CH,0H react; secondary and
|

tertiary alcohols do not. Very remarkable is the fact that alcohol dehydrogenase
also is able to catalyze the process

vitamin A = retinene,

retinene being the aldehyde corresponding to vitamin A. It has been suggested
that alcohol dehydrogenase may be present in the retina and that it exerts an
important physiological function in the formation of visual purple. Especially
it must be emphasized that the crystalline alcohol dehydrogenase does not react
with methyl alcohol (20, 141), in contrast to more impure preparations (103);
the theoretical consequences of this fact will be discussed later. The reduced
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diphosphopyridine nucleotide transfers the hydrogen to other systems so that
the rebuilt oxidized form is ready to accept hydrogen from other alcohol mole-
cules. One of these hydrogen acceptors is the riboflavin-containing respiratory
enzyme diaphorase (38) which in turn reacts with the cytochrome system and
through cytochrome oxidase with free oxygen.

Leloir and Muiioz were first to demonstrate another possible acceptor for the
hydrogen liberated from alcohol during its oxidation to acetaldehyde. This
acceptor is pyruvic acid. The formula of the process is the following:

CH;CH,OH +4 CH;CO-COOH — CH;CHO + CH,;-CHOH-COOH.

In vitro, the addition of pyruvate to liver slices suspended in a solution contain-
ing alcohol results in an increase of the rate of disappearance of alcohol to two
to three times that in controls not containing pyruvic acid; under these cir-
cumstances lactic acid is formed (97). The experiments of Westerfeld et al. (143)
showing the accelerating effect of pyruvic acid on alcohol metabolism in the
intact organism have already been mentioned; here also an increased concen-
tration of lactic acid in the blood of the experimental animals was found. The
process has not yet been studied in detail. Probably diphosphopyridine nucleo-
tide is essential, and naturally some enzyme or enzymes. It would be interesting
to see if oxidation would proceed in a system containing pure lacticodehydro-
genase, pure alcohol dehydrogenase, diphosphopyridine nucleotide, alcohol and
pyruvic acid.

Catalase: A second possible mechanism for the oxidation of alcohol to acet-
aldehyde is given by Keilin and Hartree (82, 83). When ethyl alcohol and catalase
are added to an oxidation system which reacts directly with molecular oxygen
with the formation of H,0,, alcohol is oxidized to acetaldehyde with the simul-
taneous reduction of H»0. to H,O. The general scheme of this process is, for
example, as follows: Uric acid + (uricase) + O, — alloxantin + H,0., H,O, +
(catalase) + CH3;CH,OH — 2 H,O + CH;CHO. Hydrogen peroxide and alcohol
are bound to the catalase molecule and presumably react in this combination.
The kinetics have been studied by Chance (25) who finds the following processes
the most likely:

Ca.tala.se + H-g 02 —— Catalase (Hg 02) + Csz OH —
(very rapid combination) (rapid second order reaction)
Catalase (H,0:) (C:HsOH) —— Catalase + 2H.0 + CH;CHO

(relatively unstable compound)

Not only ethanol, but also other alcohols react in a similar way; ethyl and
methyl alcohol have the same rates of combination with catalase-H,0,, but the
relative rates of combination of n-propanol and n-butanol are only 1/60 and
1/500, respectively. Liver and kidney tissues are rich in catalase and in enzymes
which, in vitro, are able to react directly with O, reducing it to H,0, (e.g.,
uricase, d-aminoacid oxidase and tyraminase). In general, however, it must be
assumed that the substrates for these enzymes are not present in the organism
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in concentrations high enough to explain the oxidation of 5-10 grams of alcohol
per hour. The only possible exception is acetaldehyde. As will be mentioned
below, acetaldehyde is oxidized by xanthine oxidase to acetic acid with the
formation of H,O, which in its turn oxidizes alcohol as described above. The
newly formed acetaldehyde increases the supply of substrate for the primary
oxidation reaction. In this way a “cyclic oxidation” of ethanol will take place.
Actually this reaction occurs very readily in wvitro in a system consisting of
acetaldehyde and ethanol with highly purified xanthine oxidase and catalase.
The process proceeds as follows (83):

ﬁCHsCHO + H2O + 02 g CH;COOH + HzOz (xanthine oxida.se)

e e e e ——— J

!
| H,O. + CH;CH.0H — (3_}_IJ30HO + 2H,0 (catalase)

Acetaldehyde — Acetic Acid: A rather long series of possibilities have been
mentioned in connection with the oxidation of acetaldehyde. The enzymes in-
volved fall in two groups: the flavoproteins and the dehydrogenases. None of the
known enzymes is specific for acetaldehyde; both groups catalyze the oxidation
of other aldehydes, and the flavoproteins also catalyze the oxidation of cyclic
compounds chemically little akin to aldehydes.

Flavoproteins: In these enzymes riboflavin is the active group that accepts
hydrogen from the substrate and transfers it to free oxygen with the formation
of hydrogen peroxide. The earliest known member of this group is xanthine
ozidase, discovered in milk by Schardinger in 1902 and hence called the Schar-
dinger enzyme. This enzyme catalyzes the oxidation of hypoxanthine and xan-
thine to uric acid, but aldehydes are also oxidized by the same enzyme. A flavo-
protein with qualitatively the same properties has been isolated from pig liver,
although not in a perfectly pure state (31, 55). The liver xanthine oxidase
differs from the milk xanthine oxidase by having less action on aldehydes in
comparison with its action on hypoxanthine and by its sensitivity to certain
inhibitors. Antabuse inhibits liver xanthine oxidase but not milk xanthine
oxidase (131), and liver xanthine oxidase is completely and irreversibly in-
activated by 24-hours dialysis against distilled water (55).

Richert and Westerfeld have examined the capacity of tissues from several
species to oxidize xanthine, and have found a high capacity in rat and mouse
livers, a fairly high capacity in livers from cats, guinea pigs, cows and pigs,
and little or no capacity in human livers or livers from rabbits and dogs (130).
However, this does not mean that the tissues in question contain no flavoproteins
able to oxidize acetaldehyde. Using the same procedure as was used for the
isolation of xanthine oxidase from pig liver, Knox (86) has isolated a flavopro-
tein from rabbit liver which has no effect on xanthine; but, unlike the xanthine
oxidase prepared from pig liver, it is able to oxidize cinchonidine and quinine.
Besides, it has pronounced capacity to catalyze the oxidation of aldehydes.
It is open to question whether or not Knoxz’s enzyme can be regarded as a variant
of the xanthine oxidase described above, but Knox (86) mentions that traces of
xanthine oxidase from rabbit liver can be separated from his flavoprotein by
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fractionation with ammonium sulphate. No flavoprotein able to oxidize cincho-
nidine or quinine can be isolated from pig liver.

Dehydrogenases: In 1939 Corran and coworkers found that pig liver contained
enzymes which oxidized aldehydes but which were not flavoproteins (31); but
it was 10 years later that Racker first isolated from beef liver an enzyme able
to react with diphosphopyridine nucleotide and acetaldehyde (129). This enzyme
is called aldehyde dehydrogenase. The mechanism of reaction is as follows:

(aldehyde dehydrogenase)

Unlike the dehydrogenation of alcohol to acetaldehyde which is catalyzed by
alcohol dehydrogenase, the dehydrogenation of acetaldehyde seems to be ir-
reversible, and all attempts to make it reversible have so far failed (129). The
hydrogen of the reduced diphosphopyridine nucleotide is transferred as de-
scribed above via diaphorase and the cytochrome system to molecular oxygen.

A reaction with other molecules of acetaldehyde seems to be possible if alcohol
dehydrogenase is present in the system:

DPNH; + CH;CHO — DPN + CH;CH,OH
(alcohol dehydrogenase)

This means that, in the presence of appropriate enzyme systems, one of two
molecules of acetaldehyde is oxidized to acetic acid, while the other is reduced
to alcohol. In-vitro experiments demonstrating this dismutation of acetaldehyde
have been described in the literature, and it has been especially studied by
Dizon and Lutwak-Man (39). These authors claim that the dismutation of
acetaldehyde is catalyzed by a single enzyme which they call aldehyde mutase.
Racker showed that the dismutation will occur in a system with crystalline
alcohol dehydrogenase, highly purified aldehyde dehydrogenase and diphos-
phopyridine nucleotide. His results make it possible that the dismutation of
aldehyde is not the effect of a single enzyme, but a combined effect of the two
enzymes. However, some discrepancies still have to be cleared up. Lutwak-Man
found marked inhibition of the alcohol dehydrogenase by methanol, oxalate,
maleate or pyrophosphate, but no effect of these substances was seen on the
mutase effect, as would be expected if the combination of the two systems were
responsible for the mutase effect (103). In any case not all enzymes with an
oxidizing effect on alcohol or acetaldehyde can take part in the dismutation;
Dizon and Lutwak-Man showed for instance that xanthine oxidase was ineffec-
tive in a dismutation system.

Other ways of elimination of acetaldehyde are at least theoretically possible.
One way is suggested by Stotz et al. (138) whose views are based on the fact
that acetaldehyde and pyruvic acid in tissue preparations and in the presence
of diphosphothiamin react with the formation of acetoin:

CH;CHO + CH;CO-COOH — CH;3;CO-CHOH-CH; + CO,
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It will later be shown that this reaction plays a minor role in the elimination of
acetaldehyde in vivo (58).

Aldolase is an enzyme acting in the carbohydrate metabolism, catalyzing the
process:

1 Mol fructose diphosphate = 2 Mol triosephosphate.

Aldolase is able to catalyze a condensation of aldehydes (including acetaldehyde)
with dioxyacetonephosphate. The role played by processes of this kind is at
present unknown.

Inhibition of the enzyme systems acting on acetaldehyde: Both from a theoretical
and practical point of view the inhibition exerted by tetraethylthiuramdisulphide
(antabuse) is important. Three series of investigations have been made on this
point. Kjeldgaard (84) examined the effect on Knox’s aldehyde oxidase and found
that antabuse in concentrations of about 1:10,000,000 definitely inhibited the
oxidation of all the aldehydes tested, including acetaldehyde. The degree of
inhibition is diminished with increasing concentrations of the substrates, which
suggests a competition between antabuse and aldehyde for the enzyme. This is
very much in conformity with the results of the in-vivo experiments where the
inhibiting effect of antabuse on acetaldehyde metabolism was found higher
with small concentrations of acetaldehyde in the blood (64, 68). Graham (56)
has examined the effect on Racker’s aldehyde dehydrogenase and found an
inhibitory effect in concentrations of tetraethylthiuramdisulphide of the same
order of magnitude as were used by Kjeldgaard. Graham demonstrated that the
inhibition can be partly abolished by increased concentrations of diphospho-
pyridine nucleotide, and suggests that tetraethylthiuramdisulphide also com-
petes with diphosphopyridine nucleotide for the active centres of the enzyme.
Reduced gluthathione and relatively high concentrations of ascorbic acid are
able to reverse the inhibitory effect. From his experimental data Graham cal-
culates the relative affinities of the enzyme protein for the substances investi-
gated, and finds that the affinity for tetraethylthiuramdisulphide is approxi-
mately 50 times the affinity for diphosphopyridine nucleotide, and 350 times the
affinity for acetaldehyde. Richert, Vanderlinde and Westerfeld (131) have in-
vestigated the effect of antabuse on the xanthine oxidase of livers. About 509
inhibition was found at concentrations of 1:4000 and 1:40,000 using xanthine
and p-hydroxybenzaldehyde, respectively, as substrates. These concentrations
are much higher than those found effective in Kjeldgaard’s and Graham’s ex-
periments, and about as high as is necessary to inhibit a long series of other
enzymes; so it seems as if the inhibition of this flavoprotein is not very specific.
It is, however, interesting that Richert and his coworkers found that the addi-
tion of methylene blue not only increased the oxidizing effect of xanthine oxidase
considerably, but also abolished the inhibition due to added antabuse. When
the system was heated to 56° for 5 minutes, little effect was seen on the rate of
oxidation of xanthine, but the inhibitory effect of antabuse was abolished. The
authors conclude that antabuse has no effect on the dehydrogenating effect of
xanthine oxidase, but that it inhibits the reoxidation of the reduced enzyme
with free oxygen.
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DISCUSSION

Our knowledge of the enzymatic processes involved in alcohol oxidation is
still limited, and leaves many phenomena observed during alcohol metabolism
in the total organism unexplained. Yet so many advances have been made in
recent years in the field of enzyme chemistry that we are able to descry a con-
nection at some points.

It has already been mentioned that the amount of alcohol dehydrogenase
present in the liver is large enough to explain the elimination rate of alcohol in
man, provided that the content of alcohol dehydrogenase in the human liver is
of the same order of magnitude as in horse liver. The rectilinear course of the
alcohol combustion curve conforms well with the kinetic data found in studies
of the isolated enzyme (141). In this way the presence of alcohol dehydrogenase
is fully able to explain the shape and slope of the curve showing the disappear-
ance of alcohol after the administration of alcohol.

However, there is some indication that the dehydrogenation of ethyl alcohol
by means of alcohol dehydrogenase is not the only pathway of alcohol metab-
olism in vivo. Methanol is presumably oxidized to formaldehyde just as ethanol
i8 oxidized to acetaldehyde (81). The oxidation of methanol is not, however,
catalyzed by pure alcohol dehydrogenase, and obviously there must be some
other way of oxidation in the organism. Ethyl alcohol interferes with the enzyme
systems involved in this process, as the presence of ethanol in the tissues in-
hibits the metabolic rate of methanol considerably (2, 8a, 153). It is to be expected
that ethanol is not only fixed to the enzyme system oxidizing methanol but
that it is also oxidized, and in this indirect way we may conclude that alcohol
dehydrogenase is not the only enzyme active in the first step of alcohol metab-
olism. According to Lutwak-Man impure preparations of alcohol dehydrogenase
are active with methanol as a substrate (103), but instead of supposing an un-
known enzyme, it will be more natural to assume that the oxidation by means of
catalase and hydrogen peroxide is the pathway sought for. In vitro, methyl
alcohol is oxidized readily by this system, and moreover Agner and Belfrage’s
(2) data for the elimination rate of methanol in rabbits conform well with the
kinetic data of the enzymatic processes found in vitro by Chance (25). Hence
we must conclude that the catalase oxidation also plays a role in alcohol metab-
olism. For two reasons this form of oxidation presumably is not so important
as the oxidation via alcohol dehydrogenase. One reason is that the kinetics of
the catalase-hydrogen-peroxide process suggest a hyperboloidal decline of the
alcohol curve (25). Still more convincing is that in an tn-vitro system of catalase
and H,0, methanol and ethanol are oxidized at the same rate, while ¢n vivo
ethanol is oxidized at least 4-5 times as rapidly as methanol.

If it is supposed that the first step of alcohol oxidation is a combination of the
‘“‘dehydrogenase oxidation’ and the ‘“‘catalase oxidation,” the shape of the dis-
appearance curve of alcohol in the organism will depend on the ratio between
the effects of these two systems. If the former prevails the curve will be rectilinear
with no dependence on the concentration of alcohol in the tissues. If a high
proportion of-alcohol oxidation is due to the catalase reaction, we should expect
the rate to depend on the alcohol concentration, but this dependence would be-
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come less pronounced as the ‘‘dehydrogenase oxidation” became more pre-
dominant. On the assumption that the ratio between the two systems can vary
from species to species or even under some conditions from individual to indi-
vidual within the same species, it is easy to explain why some investigators
have found the alcohol metabolic rate dependent on alcohol concentration, in
contrast to the general opinion that such a dependence does not exist.

It is more difficult to explain the other discrepancies especially the much
disputed effect of insulin and of pyruvate. This can not be done without experi-
mental in-vitro data on the reaction between alcohol and carbohydrate metab-
olites, including pyruvate, and the kinetics of these processes. Apart from this
the available concentration of diphosphopyridine nucleotide must also be taken
into consideration. The turnover number of alcohol dehydrogenase depends on
the concentration of coenzyme available for the formation of the enzyme-
coenzyme complex. Theorell and Bonnichsen have expressed the opinion that,
under natural conditions in the tissues, the concentration of free coenzyme can
be so low that the enzyme is not fully saturated with coenzyme. In this case
any process which will liberate diphosphopyridine nucleotide from other enzyme
systems will result in a higher metabolic rate of alcohol. If the dehydrogenase is
saturated with coenzyme the liberation of more coenzyme will naturally be
without effect. It is possible that these factors might explain the conditioning
of animals to a higher metabolic rate of alcohol (112) and perhaps also a part
of the observed accelerating effect of carbohydrate metabolism. In any case
they explain why the effect is only seen when the initial alcohol metabolic rate
is low, but obviously this is merely a hypothesis which must be tested thoroughly
before it can be accepted.

It is difficult to decide which of the many different possible mechanisms for
the oxidation of acetaldehyde are important in vivo. Some of them are less
probable than others. For several reasons the condensation of acetaldehyde
with pyruvic acid with the formation of acetoin must be negligible. Dogs de-
prived of thiamin show a slightly decreased capacity to oxidize acetaldehyde
(100), but no acetoin is found during alcohol metabolism (58). For the present
no information is available to choose between the two types of aldehyde oxidizing
enzymes, the dehydrogenase and flavoproteins. Both types are sensitive to
tetraethylthiuramdisulphide, and the accumulation of acetaldehyde under the
influence of this drug does not help to decide between the two possibilities.
The dismutation of acetaldehyde to alcohol and acetic acid most certainly plays
a minor role. Westerfeld et al. found no formation of alcohol in cats during the
oxidation of acetaldehyde, and we have been able to confirm this in experiments
with rabbits. The enzymes of acetaldehyde oxidation have not been studied as
thoroughly as the enzymes of alcohol oxidation and, therefore, it is impossible
for the present to give more than an outline of this second step in alcohol metab-
olism.

From this review it can be seen that the metabolism of few compounds has
been studied so effectively as the metabolism of alcohol. Still our knowledge is
deficient at several points easily found in the present review. As to the future,
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the reviewer’s opinion is that it is a waste of time to discuss the shape and
slope of alcoholaemic curves further without paying due attention to the en-
zymatic processes behind the elimination of alcohol. Recent progress in enzyme
chemistry has made this possible, and the most important task for the future
will be to fill the gap which still exists between the enzyme studies on the one
hand and the in-vivo observations and experiments on the other. When this is
done, the many riddles and discrepancies between the results of various groups
of investigators will be easily explained, and we will wonder why there was
ever any room for discussion.

REFERENCES

1. ABDERHALDEN, E.: Bibliogruphie der gesammten wissenschaftlichen Litteratur tiber den Alkohol und Alko-
holismus. Berlin u. Wien 1904.
2. AGNER, K. AND BELFRAGE, K. E.: A specific micromethod for colorimetric determination of methanol in blood.
Acta physiol. Scandinav., 13: 87-94, 1947.
3. ALBERTONI, P.: 8ur la formation et la transformation de 1’alcool et de I’aldehyde dans I'organisme. Arch. de biol.
ital., 9: 168-175, 1887.
4. ALLopr, A. AND DaPRA, L.: Ulteriore contributo allo studio delle alcoolemia provocata a digiune e dopo pasto en
soggetti normali ed epatopazienti. Arch. 8ci. med., 65: 696-714, 1938.
5. AnsTiE: Final experi ts on the elimination of alcohol from the body. Practioneer, 13: 15-28, 1874.
8. AsmusseN, E., HALD, J. AND LARSEN, V.: The pharmacological action of acetaldehyde on the human organism.
Acta pharmacol. et toxicol., 4: 311-320, 1948.
7. ATwATER, W. O. AND BENEDICT, F. G.: The experimental inquiry regarding the nutritive value of alcohol. Mem.
nat. acad. sci. Washington, 8: 233-397, 1902.
8. BARTLETT, G. R. AND BARNET, H. N.: S8ome observations on alcohol metabolism with radioactive ethylalcohol.
Quart. J. 8tud. Alcohol, 10: 381-397, 1949.
8a. BARTLETT, C. R.: Inhibition of methanol oxidation by ethanol in the rat. Am. J. Physiol., 163: 619-31,
1950.
9. BarreLLl, F. AND STERN, L.: L’Alcoolase dans les tissus animaux. Compt. rend. Soc. biol., 67: 419421, 1909.
10. Berg, R. L., 8torz, E. AND WESTERFELD, W. W.: Alcohol metabolism in thiamine deficiency. J. Biol. Chem.,
152: 51-58, 1944.
11. BErNHARD, K.: Das Schicksal des Alkohols im Tierkdrper. Ztschr. f. Physiol. Chem., 267: 99-102, 1940.
12. BERNHARD, K. G. AND GOLDBERG, L.: Aufnahme und Verbrennung des Alkohols bei Alkoholisten. Acta med.
Scandinav., 86: 152-215, 1935.
13. BErNeTEIN, H. AND Staus, H.: Zur funktionelle Leberpriiffung mit Alkohol. Helv. med. Acta, 15: 494498,
1948.
14. Binz, C.: Die A heidung des Weingei durch Nieren und Lungen. Arch. f. exper. Path. u. Pharmacol., 6:
287-299, 1876.
15. ByERgE, P.: Uber den Nihrwerth des Alkohols. Skand. Arch. f. Physiol., 9: 323-334, 1899.
16. Brocn, K.: Metabolism of acetic acid in animal tissues. Physiol. Rev., 27: 574-620, 1947.
17. BoDLANDER, G.: Die A heidung aufg Weingeistes aus dem Korper. Arch. ges. Physiol., 32: 308
426, 1883.
18. BonnicHsEN, R. K.: Crystalline animal alcohol dehydrogenase. 2. Acta Chem. Scandinav., 1: 715-717, 1950.
19. BonnNIcHSEN, R. K. AND Wassén, A. M.: Crystalline alcohol dehydrogenase from horse liver. Arch. Biochem.,
18: 361-363, 1948.
20. BonnichseN, R. K. anp TaeoreLy, H.: An enzymatic method for the microdetermination of ethanol.
Scandinav. J. Clin. & Lab. Invest., 3: 58-62, 1951.
21. CARPENTER, T. M.: The metabolism of alcohol. A review. Quart. J. Stud. Alcohol, 1: 201-226, 1940.
22. CARPENTER, T. M. AND LEE, R. C.: The effect of glucose on the metabolism of ethylalcohol in man. J. Pharmacol
& Exper. Therap., 60: 264-285, 1937.
23. CARPENTER, T. M. AND LEE, R. C.: The effect of fr on the metabolism of ethylalcohol in man. J. Pharmacol.
& Exper. Therap., 60: 286-295, 1937.
24. CARPENTER, T. M. AND LEE, R. C.: The effect of ingestion of alcohol on human respiratory exchange during
rest and muscular work. Arbeitsphysiologie, 10: 130-157, 1938.
25. CHANCE, B.: An intermediate compound in the catalasehydrogen peroxide reaction. Acta. Chem. Scandinav.,
1: 236-267, 1947.
26. CHAPHEAU, M.: La combustion de 1’alcool ethylique ches le lapin au cours de quelques intoxications. Compt.
rend. Soc. biol., 116: 889-890, 1934.
27. CLARK, B. AND M Y, R.: Infl of insulin, gl and alkalizing salts on the rate of disappearance of
ethyl aloohol from the blood. Am. J. Physiol., 123: 37-38, 1938.
28. CLARK, B., MORRIs8EY, R. AND FazEKAS, J. F.: Insulin and the oxidation of ethylalcohol by excised diabetic.
liver tissue. Science, 88:285-286, 1938.




132 ERIK JACOBSEN

29.

30.

3

-

32.

33.

34.

41,

42,

43.

44,

47.

48.

49.

1.

52,

CLARK, B., MoRrrIssey R., Fazekas, J. F. AND WELcH, C. S.: The relation of the liver and insulin to alcohol
metabolism. Am. J. Physiol., 126: 463464, 1939.

CLARK, B., MoRrrisseY, R., FAzEkas, J. AND WELCH, C. 8.: The role of insulin and the liver in alcohol me-
tabolism. Quart. J. Stud. Alcohol, 1: 663683, 1940.

. Corran, H. 8., DEwan, J. G., Gorpon, A. H. AND GREEN, D. E.: Xanthine oxidase and milk flavoprotein.

Biochem. J., 33: 1694-1706, 1939.

Curring, W., NEwMANN, H. aAND YEE, J.: Effect of dosage on the rate of disappearance of ethanol from the
blood of dogs. J. Physiol., 110: 18-25, 1943.

Danorouros, E.: Untersuchungen iiber den Alkohol-Stoffwechsel III. Vergleichende Versuche diber die alko-
holéimische Kurve vor und nach der Anlegung Eckscher Fistel bei Hunden. Ztschr. f. d. ges. exper. Med., 106:
396-400, 1939.

DaxorouLos, E.: Untersuchungen iiber den Alkohol-Stoffwechsel V. Der Alkoholumsatz im Fieber. Ztschr.
f. d. ges. exper. Med., 106: 406408, 1939.

. DEROBERT, L. AND DucuiNE, H.: L’alcoolism aigu et chronique. Libraire I. P. Baillidre & Fils., Paris, 1942.
. DEwaN, J. G.: An alcohol detoxication mechanism in the central nervous system. Am. J. Psychiat., 99: 565-

568, 1943.

. Dewax, J. G.: Chemical steps in the metabolism of alcohol by brain in vitro. Quart. J. Stud. Alcohol, 4: 357-

361, 1943.

. Dewax, J. G. axDp GREEN, D. E.: Coenzyme factor—A new oxidation catalyst. Biochem. J., 32: 626-639, 1938.
. Dixo~n, M. AND Lurwak-MaN, CeciLia: Aldehyde mutase. Biochem. J., 31: 1347-1365, 1937.
. DoxTcHEFF, L.: Influence des divers types d’aliments sur la vitesse d’oxydation de I’slcool éthylique chez I’ho-

meotherme inanitie (rat blanc). Compt. rend. Soc. biol., 126: 465-467, 1933.

DoNTcHEFF, L.: Parallelisme entre la réadaption et 1'utilisation des glucides et la vitesse d’oxydation de 1’éthanol
apres jeune prolongé chez le rat blanc. Compt. rend. Soc. biol., 130: 1404-1406, 1939.

Dox~TcHEFF, L.: Infl des injecti d’insuline sur la vitesse d’oxydation de 1'éthanol chez le rat. Compt.
rend. Soc. biol., 130: 1406-1409, 1939.

DoxtcHEFF, L.: Influence des ingestion de thyrolde sur la vitesse d’oxydation de 1’6thanol chez le rat blanc.
Compt. rend. Soc. biol., 130: 1410-1412, 1939.

Duprg, A.: The elimination of alecohol. Proc. Roy. Soc., 20: 268-277, 1872.

. DyBINg, F.: The blood alcohol curve in hypothermia. Acta pharmacol. et toxicol., 1: 77-81, 1945.
. EacLETON, M. GRACE: Some factors effecting the metabolic rate of alcohol. J. Physiol. 98: 239-254, 1940.

‘Ewing, P. L.: Alcohol metabolism in artificial fever. Quart. J. Stud. Alcohol, 1: 483-500, 1940.

F1essINGER, N., BERNARD, H., CourTIAL, J. AND DERMER, L.: Combustion de l’alcool éthylique au cours de
la perfusion du foie. Compt. rend. Soc. biol., 122: 12551258, 1936.

FiscHER, W.: Untersuchung aiber die Wirkung kleinster Gaben von Athylakohol auf das isolierte Hers. Arch. f.
exper. Path. u. Pharmacol., 80: 93-130, 1917.

. FLEmscHMANN, W.: Uber die Verwertung der Oxydationsenergi des Alkohols bei der Muskelarbeit. Biochem.

Ztachr., 219: 7-29, 1930.

FLEMING, R. AND REYNOLD8, DoROTHY: Experimental studies in alooholism. IV. Attempts to modify the con-
centration of alcohol in the blood after intravenous administration of alcohol. J. Pharmacol & Exper. Therap.,
54: 236-245, 1935.

FunrrMAN, F. A.: The effect of body temperature on drug action. Physiol. Rev., 26: 247-274, 1946.

83. Gaerr~er, H.: Uber Aligemeinerkrankungen durch Kalkstickstoff in der Landwirtschaft. Manchnen. med.

g8

57.

61.

g g8 ¢

Wchnschr., 86: 1745-1748, 1939.

. GOLDBERG, L.: Verkan pd den minsklige organism av maltdrycker med olika alkoholhalt. (Effect of beers and

ales with varying alcohol content on the human organism.) Stockholm 1951.

. GOorpooN, A. H., GREEN, D. E. AND SUBRAHMANYAN, V.: Liveraldehyde oxidase. Biochem. J., 34: 764-774, 1940.

. GRAHAM, D. W.: In vitro inhibition of liveraldehyde dehydrogenase by tetraethylthi disulphide. J. Pharm.
& Pharmacol., 3: 160-168, 1951.
GReEN, D. Ezra AND BRosTEAUX, JEANNE: The lactic dehydrogenase of animal ti Bioch J., 30: 1489~
1508, 1936.

. GREENBERG, L. A.: Acetoin not a product of the metabolism of alcohol. Quart. J. S8tud. Aloohol, 3: 347-350,

1942,

. GREGORY, R., Ewing, P. L. AND Durr-WHrTE, V.: Effect of insulin, glucose and glucose and insulin on the

rate of metabolism of ethylalcohol. Proc. Soc. Exper. Biol. & Med., 54: 206-208, 1943.

. GREGORY, R., Ewing, P. L., Durr-WaITE, V., AND THOMAS, D.: Effect of sodium pyruvate on the rate of me-

tabolism of ethylalcohol. Proc. Soc. Exper. Biol. & Med., 54: 208-211, 1943.

GRrEHANT, M. N.: Nouvelles recherches sur 1’alcooli aigu. Compt. rend. Soc. biol., 52: 894-895, 1903.

HaGaarp, H. W. AND GREENBERG, L. A.: Studies in absorption, distribution, and elimination of ethylalcohol.
II1. Rate of oxidation of alcohol in the body. J. Pharmacol. & Exper. Therap., 52: 167-178, 1934.

HaLp, J. AND JacoBskN, E.: The formation of acetaldehyde in the organism after ingestion of Antabuse (tetra-
ethylthiuramdisulphide) and alcohol. Acta pharmacol. et toxicol., 4: 305-310, 1948.

HALD, J. AND LARSEN, V.: The rate of acetaldehyde metabolism in rabbits treated with Antabuse (tetraethyl-
thiuramdisulphide). Acta pharmacol. et toxicol., 5: 202-297, 1949.

. HALD, J., JAcoBSEN, E. AND LARsEN, V.: The sensitising effect of tetraethylthiuramdisulphide (Antabuse) to

ethylalcohol. Acta pharmacol. et toxicol., 4: 285-296, 1948.

. Hawup, J., JacoBsEN, E. AND LarseN, V.: Formation of acetaldehyde in the ism in relation to d of

Antabuse and to alcohol concentration in blood. Acta pharmacol. et toxicol., 5: 179-188, 1949.



7.

69.
70.

METABOLISM OF ETHYL ALCOHOL 133

Havp, J., JacoBsEN, E. AND LARsSEN, V.: Mécani de I’hyy ibilité & I'alcool dans les intoxications par
la cyanamide (mal rouge). Arch. des Maladies Professionnelles, 10: 232-236, 1049,

HawLp, J., JacoBsEN, E. AND LARSEN, V.: The rate of acetaldehyde metabolism in isolated livers and hind limbs
of rabbits treated with Antab (tetraethylthiuramdisulphide). Acta pharmacol. et toxicol., 5: 298-308, 1949.

HawmiLr, P.: Cardiac metabolism of alcohol. J. Physiol., 39: 476484, 1910.

HaRrGER, R. W. AND HurPiEy, H. R.: The effect of certain drugs in the metabolism of ethylalcohol. J. Phannncol
& Exper. Therap., 54: 145, 1935.

. HeNrEAN, F.: 8ur le role de ’alcool duns la nutrition. Bull. de I’acad. roy. Belge., I1I serie, vol. 5: 113-119, 1883.

72. Hiawich, H. E., Nanun, L. H., RAxIETEN, N, FazEKAS, J. F., DU Bois, D. AND GiLDEA, E. F.: The me-
tabolism of alcohol. J. Am. M. A., 100: 651-854, 1933.
73. Hing, C. H., ANDERSEN, H. H., MAckLIN, E. A., BtreripGgE, T. N., S1moN, A. AND Bownany, K. M.: Some
. observations on the effect of small doses of alcohol in patients receiving tetraethylthiuramdisulphide. J.
Pharmacol. & Exper. Therap., 98: 13-14, 1950.
74. Hievt, ELisa: Vissa undersskni dende det Widmarkska blodprévet pa finsk folkmaterial. (Investigation
on Widmark’s blood-test among Finns). Tirfing, 43: 150-154, 1949.
78. Huvrieu, H. R., CoLE, VERsa V. AND SuoLENSKI, U.: The failure of pyruvate and arsenite to alter alcohol me-
tabolism. Quart. J. 8tud. Alcohol, 8: 553-568, 1948.
76. JacoBsEN, E.: Is acetaldehyde an intermediary product in normal metabolism? Biochem. & Biophys. Acta, 4:
330-334, 1950.
77. JacoB8EN, E. AND LARSEN, V.: Site of formation of acetaldehyde after ingestion of Antabuse (tetraethylthiuram-
disulphide) and alcohol. Acta pharmacol. et toxicol., 5: 285-291, 1949.
78. JELLINEK, E. M. AND JoLLIFFE, N.: Effects of alcohol on man. Review of the literature of 1939. Quart. J. Stud.
Alcohol, 1: 110-187, 1940,
79. JErvis, G. A.: Experimental studies in alcoholism and avitaminosis—The effect of cevitamic acid (vitamin C)
deficiency on the metabolism of alcohol. Quart. J. Stud. Alcohol, 3: 533-540, 1943.
80. KeesER, E. aAnp OeLkEers, H. A.: Uber die Geschwindigkeit der Oxydation von Athylalkohol bei Gewhnung.
Arch. f. exper. Path. u. Pharmacol., 186: 606-610, 1937.
81. KeesER, E. AND VINCKE, E.: Uber die Bildung von Formaldehyd beim Abbau des Methylalkohols. Klin.
Wchnschr., 19: 583-585, 1940.
82. KN, D. aAxp HARTREE, E. F.: Coupled oxidation of alcohol. Proc. Roy. Soc., 119: 141-159, 1936.
83. Keruin, D. ANp HARTREE, E. F.: Properties of catalase. Catalysis of coupled oxidation of alcohols. Biochem. J.,
39: 293-301, 19485.
84. KJELDGAARD, N. O.: Inhibition of aldehyde oxidase from liver by tetraethylthiuramdisulphide. Acts pharmacol.
et toxicol., 5: 397-403, 1949.
85. KLeiN, H.: Zur Beeinflussung der Blutalkoholkurve durch Rohrzucher. Dtsch. Z. ges. gericht. Med., 39: 704-
714, 1049,
86. Knox, W, E.: The quinine-oxidizing enzyme and liver aldehyde oxidase. J. Biol. Chem., 163: 699-711, 1946.
87. KocuMANN, M.: Alkohol. Handbuch der Experi llen Pharmakologie, (A. Heffter), 1: 262-381, 1923.
88. KocaMANN, M.: Alkohol. Handbuch der Experi ! Pharmakologie, (A. Heffter), Ergénziingswerk,
2: 183-224, 1836.
89. LARrsEN, V.: The effect on experimental animals of Antabuse (tetruethylthiuramdisulphide) in combination
with alcohol. Acta pharmacol. et toxicol., 4: 321-332, 1948.
90. LEBRETON, E.: Influence de la nature de I’aliment brQlé sur la' vitesse d’oxydation de l’alcool dans l’organisme.
Cas des protides. Compt. rend. Soc. biol., 117: 709-712, 1934.
91. LEBRETON, E.: Demonstration directe de la non-utilisation-de 1'alcool éthylique comme source d’énergie pour
le travail musculaire du rat. Compt. rend. Soc. biol., 118: 62-64, 1935.
92. LEBRETON, E.: Influence de la concentration en alcool réalisé au niveau des tissus sur la vitesse d’oxydation
in vivo. Compt. rend. Soc. biol., 119: 5§75-502, 1935.
93. LEBRETON, E.: Influence du jeune sur la vitesse d’oxydation de l'alcool éthylique chez le rat blanc. Compt. rend.-
Soc. biol., 122: 330-332, 1936.
94. LeBrETON, E.: Signification physiologique de l'oxydation de l’alcool éthylique dans l’organisme. These de:
Sciences, Université Paris, 1936.
95. LEBRETON, E., NicLoux, MAURICE AND ScHAFFER, GEORGES: Coefficient d’éthyloxydation et métabolisme de.
base ches quelq péces h thermes. Comp. rend. Acad. sc., 200: 1133-1135, 1935.
96. LERMAN, J.: Aktlnerung von Alkoholdehydrogenase in Muskel, Leber und Tumorgeweben durch Coenzym.
Biochem. Ztachr., 272: 144-152, 1934.
97. LELOIR, L. F. AND MuRoz, J. M.: Ethyl alcohol metabolism in animal tissues. Biochem. J., 32: 209-307, 1938.
98. LEsTER, D. AND GREENBERG, L. A.: The role of aeetuldehyde in the toxicity of tetraethylthmramdmulphnde nnd
alcohol. Quart. J. Stud. Alcohol, 11: 380-395, 1950.
99. Lorr1, G. AND RuUBIN, Mir1aM: The rate of disappearance of alcohol from the blood in obstructive ;nundlce
Quart. J. Stud. Alcohol, 4: 183-188, 1943.
100. Loomrs, T. A.: A study of the rate of metabolism of ethylalcohol. Quart. J. Stud. Alcohol, 11: 527-537, 1950.
101. LusiN, M. AND WeSTERFELD, W. W.: The metabolism of acetaldehyde. J. Biol. Chem., 161: 503-512, 1945. "
102. Luxuoumn, E.: Alcohol oxidation in the liver. Comp rend. trav. Lab Carlsberg. Sene Chim., 22:333-337,
1938: R
103. Lurwak-Max, C.: Aleoholdehydrogenue of imal ti Bioch J., 32: 1364-1374, 1938.
104. MacLeop; L:-D::"Acetaldehyde in relatioit to intoxication by ethylalcohol. Quart. J. Stud. Aleohol. 11: 385

390, 1950.



134 ERIK JACOBSEN

105. MeLLANBY, E.: Alcohol: Its absorption into and disappearance from blood under different conditions. Med.
Research Coun. Special report, Service no. 31 London, H. M. Stationary Off., 1919.

108. MeYER, L. A.: Untersuchung @iber die Insulin-Wirkung auf die Blut-Alkohol-Konzentration beim Menschen.
Schweiz. Arch. f. Neurol. u. Psychiat., 43: 89-104, 1939.

107. MirskY, J. A. AND NELsON, N.: The role of the liver in ethylalcohol oxidation. Am. J. Physiol., 126: 587-588,
1939.

108. Mirsky, J. A. AND NEeLsoN, N.: The infl of the p and the liver on the oxidation of ethylalcohol.
Am. J. Physiol., 127: 308-314, 1939.

109. MoeNcH, G. L.: Animal charcoal as a substitute for Antabuse in the treatment of alcoholism. New York State
J. Med., 50: 308, 1950.

110. NeGeLEIN, E. AND Wuvrrr, H. JoacHm: Diphosphopyridinproteid, Alcohol, Acetaldehyd. Biochem. Ztachr.,
293: 351-389, 1937.

111. Newman, H. W.: Acute alcoholic intoxication. Standford Univ. Prees. 1941.

112. Newman, H. W.: Some factors influencing the rate of metabolism of ethylalcohol. Quart. J. 8tud Alcohol, 8:
377-384, 1947.

113. NewmMaN, H. W.: Antabuse and the metabolism of alcohol. California Med., 73: 137-140, 1950.

114. Newman, H. W. anp Curring, W. C.: Aleohol injected intravenously, effect of habituation on rate of me-

118.

116.

1z

118.

119.

121,

122.

123.
124,

125.
126.
127.

128,
129.

130.

131.

132.

133.

134.

136.

137.

138.

139.

140,

L

. NewsmaN, H. W. AND TAINTER, M. L.: The effect of dinit

tabolism. J. Pharmacol. & Exper. Therap., 55: 82-89, 1935.

NewnaN, H. W. anp Curring, W. C.: Alcohol injected intravenously; rate of disappearance from the blood
stream in man. J. Pharmacol. & Exper. Therap., 54: 371-377, 1935.

NewumaN, H. W. aND Curring, W. C.: The action of dinitrophenol and insulin in lerating the metaboli
of ethylalcohol. J. Clin. Investigation, 14: 945-948, 1935.

NewmaN, H. W. anp Curring, W. C.: Effect of insulin on rate of metabolism of ethylalcohol. Proc. Soc. Exper.
Biol. & Med., 69: 415417, 1948.

NewmaN, H. W. ANDp LEnmAN, J.: Rate of disappearance of alcohol from the blood in various species. Arch.
internat. de pharmacodyn. et de thérap., 55: 440-446, 1937.

NewnmaN, H. W. anp PerzoLp, H. P.: The effect of tetraethylthiuramdisulphide on the metabolism of alcohol.
Quart. J. Stud. Alcohol, 12: 40-45, 1951.

h

1 on rate of alcohol metabolism. J. Phar: 1

& Exper. Therap., 57: 67-73, 1936.

Newuman, H. W, Curring, W. C. AND TAINTER, M. L.: Action of dinitrophenol on rate of oxidation of ethyl-
aleohol in vitro. Proc. Soc. Exper. Biol. & Med., 32: 1479-1480, 1935,

Newuan, H. W,, LEamaN, J. AND Curring, W. C.: Effect of dosage on rate of disappearance of alcohol from the
blood stream. J. Pharmacol. & Exper. Therap., 61: 58-61, 1937.

NicLoux, M.: Recherches sur 1’alcool éthylique. Bull. soc. chim. biol., 13: 857-918, 1931.

NymaN, E. AND PaLMLdv, A.: On the effect of muscular exercise on the metabolism of ethylaloohol. Skand.
Arch. f. Physiol., 68: 271-293, 1934.

OeLkEeRs, H. A.: Leberschiidigung und Alkoholabbau. Klin. Wehnschr., 17: 1410-1411, 1938.

OeLkers, H. A. AxD LUDERs, H.: Antimon als Stoffwechselgift. Klin, Wchnschr., 16: 680-681, 1937.

Quisewy, T. H.: Uber die Komponenten der Dehydrasesysteme XVII. Zur Kenntnis der Glucosedehydrase
und der Alkoholdehydrase aus Leber. Ztschr. f. physiol. Chemie, 251: 102-108, 1938. »

RaBny, K.: Private communication, unpublished up to 1951. .

RAckkRr, E.: Aldehyde dehydrogenase, a diphosphopyridine nucleotide-linked ensyme. J. Biol. Chem., 177:
883-892, 1949. '

RicHERT, D. A. AND WesTERFELD, W. W.: Xanthine oxidases in different species. Proc. Soc. Exper. Biol. &
Med., 76: 252-254, 1951.

RicHERT, D. A., VANDERLINDE, RAYMOND AND WESTERFELD, W. W.: The composition of rat liver xanthine
oxidase and its inhibition by Antabuse. J. Biol. Chem., 186: 261-274, 1950.

RoseMANN, R.: Die Geschwindigkeit der Verbr des Alkohols im Kérper. Sitsber. d. Medisinisch-natur-
wissenschaftlichen Ges. zu Minster in W. 14. Dec., 80-99, 1909.

RoseEMANN, R.: Alkohol. Handbuch der Biochemie des M hen und der Tiere. (C. Oppenheim), 8: 482-532,
1925.

ScumipT, A.: Die Ausscheidung des Weingeistes durch die Respiration. Centralblatt f. med. Wissenschaft, 13:
371-374, 1875.

. Scumipr, M.: Alkoholsemi—Studier over Rusen I. (Alcoholaemia—Studies on aloohol intoxication I), Copen-

hagen 1937.

BCH@NHEYDER, F., 8TRANGE P. O., THERKILDSEN, K. AND P08BORG-PETERSEN, V.: On the variation of the
alcoholemic curve. Acta med. Scandinav., 109: 460-470, 1942,

SteaMUND, B. AND FLOHR, W.: Uber den Einfluss von Insulin auf den Alkoholumsats beim Menschen. Klin.
Wchnschr., 16: 1718-1721, 1937.

Srorz, E., WesTeERrreLD, W. W. AND BERG, R. L.: The metabolism of acetaldehyde with acetoin formation.
J. Biol. Chem., 152: 41-50, 1944.

StrassMANN, F.: Untersuchungen {iber den Nahrwerten und die Ausscheidung des Alkohols. Arch. ges. Physiol.,
49: 315-330, 1891.

Supniewski, J.: The influence of insulin on the acetaldehyde formation in the body of animals. J. Biol. Chem.,
70: 13-27, 1926.

TueoreLL, H. AND BoNNiIcH8EN, R.: Studies on liver alcohol dehydrogenase. I. Equilibria and initial reaction
velocities. Acta Chem. Scandinav., 5: 1105-1126, 1951.



METABOLISM OF ETHYL ALCOHOL 135

142. TEEORELL, H. AND CHANCE, B.: Studies in liver alcohol dehydrogenase. II. The kinetics of the p d of
horse liver alcohol dehydrogenase and reduced diphosphopyridine nucleotide. Acta Chem. Scandinav., 5:
1127-1144, 1951.

143. WesterreLp, W. W., Strorz, E. AND BERG, R. L.: The role of pyruvate in the metabolism of ethylalecohol. J.
Biol. Chem., 144: 657-665, 1942.

144. WesTERFELD, W. W., SToT2, E. AND BERG, R. L.: The coupled oxidation-reduction of alcohol and pyruvate in
vivo. J. Biol. Chem., 149: 237-243, 1943.

145. WipMARK, E.: Eine Mikromethode sur Bestimmung von Aethylalkohol im Blut. Biochem. Ztschr., 131: 473
483, 1922,

146. WiDMARK, E.: Die theoretischen Grundlagen und die praktischen Verwendbarheit der gericht-medisinischen
Alkoholbestimmung. Urban und Schwarzenberger, Berlin, 1832.

147. WipMARK, E.: Les lois cardinales de la distribution et du métabolisme de 1’alcool éthylique dans 1’organisme
humain. Kungl. Fysiografiska Séllskapets Handlinger. (N. F.), 41: nr. 9. (1934).

148. WipMaRk, E.: Uber die Einwirkung von Aminosatiren auf den Alkoholgehalt des Blutes. Biochem. Ztachr.,
265: 237-240, 1933.

149. WipuMARK, E.: Verteilung und Umwandlung des Aethylalkohols im Organi des Hundes. Biochem. Ztachr.,
267: 128-134, 1933.

150. Wipmark, E.: Der Einfluss der Nihrungsbestandteile auf den Alkoholgehalt des Blutes. Bioch Ztachr.,
267: 135-142, 1933.

151. WipMARK, E.: Uber die Einwirkung der Dinitrophenole auf die Umset hwindigkeit des Aethylalkohols.
Biochem. Ztachr., 276: 268-270, 1935.

152. WipmaRk, E.: Hormonale Einflisse auf den Alkoholumsats. Biochem. Ztachr., 282: 79-84, 1935.

183. ZATMAN, L. J.: The effect of ethanol on the metabolism of methanol in man. Biochem. J., 40: Ixvii-lxviii, 1946.






