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A B S T R A C T Ketonuria has been observed in alco-
holics. To study the mechanism of this effect, healthy,
volunteers were given adequate diets (36% of calories
as lipid and 15% as protein) for 18 days, with isocaloric
replacement of carbohydrate (46% of calories) by either
ethanol or additional fat. The latter resulted in a high
fat diet, with 82% of calories as lipid. After about 1
wk of alcohol, massive and persistent ketonuria devel-
oped. Compared with the control period, there was a
30-fold increase in fasting blood acetoacetate and P-hy-
droxybutyrate (P < 0.001). With the high fat diet, ace-
toacetate and P-hydroxybutyrate increased 8- to 10-fold
(P < 0.001). In the postprandial state, ethanol also in-
duced hyperketonemia, but less markedly than when
ethanol followed an overnight fast. With low fat diets
(5% of calories), alcohol (46% of total calories) did
not induce ketonuria or hyperketonemia, suggesting
that a combination of alcohol and dietary fat is neces-
sary. The addition of alcohol to rat liver slices did not
affect ketogenesis. In rats pretreated with alcohol for 3
days, however, ketonemia developed, hepatic glycogen
was decreased, and liver slices (incubated with palmi-
tate-'4C and glucose) had a significant increase in ace-
toacetate production, when compared to carbohydrate
pretreated controls. Alcohol pretreatment or addition of
alcohol in vitro had no effect on acetoacetate utilization
by rat diaphragms, and decreased only slightly the
conversion of P-hydroxybutyrate--4C to "CO2. Thus, the
hyperketonemia and ketonuria observed after alcohol
consumption cannot be attributed to an immediate effect
of alcohol, but is the consequence of a delayed change
in intermediary metabolism characterized by increased
hepatic ketone production from fatty acids, possibly
linked to ethanol-induced glycogen depletion and de-
pression of citric acid cycle activity.

Received for publication 9 October 1969 and in revised
form 3 June 1970.

INTRODUCTION
Ketonuria has been reported episodically in patients
with acute alcoholic intoxication but it is generally at-
tributed to factors commonly associated with alcoholism,
mainly poor nutritional status and (or) fasting (1).

The frequent occurrence, however, of ketonuria in
our patients receiving alcohol1 with an adequate diet
suggested that alcohol per se may play a role. This
prompted us to investigate ketonemia and ketonuria
after administration of alcohol under controlled condi-
tions, in order to study its pathogenesis, especially the
respective roles of ethanol and dietary factors.

METHODS

Clinical studies
Subjects. Nine volunteers were studied under metabolic

ward conditions. All but two were males and their ages
varied from 35 to 58 yr. All had a history of alcoholism but,
at the time of the study, they had abstained from alcohol for
periods of 3-10 wk and none had clinical evidence of liver
disease. Liver biopsy done during the control period re-
vealed normal morphology in every subject. Liver function
tests including BSP, bilirubin, SGOT, albumin, total protein,
and prothrombin time were all normal.

Diets and procedures. The composition of the various diets
is indicated in Fig. 1. All the diets had an adequate con-
tent of nutrients, including amounts of protein, vitamins, and
minerals above the daily recommended allowances (2), and
were given equally in three daily feedings. Special care was
given to the maintenance of total food intake both during
the control and ethanol periods. Total caloric intake varied
between 2100 and 2620 cal according to the subject and the
individuals maintained stable body weight within 3%7o of the
control period during the entire study.

After control periods of at least 10 days, alcohol or fat was
isocalorically substituted for carbohydrate for periods varying
from 17 to 51 days. Alcohol, considered to have a caloric
value of 7 cal/g, was administered (divided in seven daily
doses) equally at 21-hr intervals between 7 a.m. and 10 p.m.
as flavored diluted ethanol. Even with the highest dosage,

'The terms alcohol and ethanol (ethyl alcohol) are used
interchangeably in this paper.
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FIGURE 1 Composition of the various diets and sequence in
which they were given.

alcohol produced only mild euphoria without gross intoxica-
tion.

Three subjects received the control diet A (balanced diet)
and the corresponding experimental diets illustrated in Fig.
1; two individuals were given the control diet B (low fat-
high carbohydrate diet) and the corresponding alcohol diet,
while one subj ect remained on the metabolic ward long
enough to receive the two control diets A and B and their
corresponding experimental diets. Three other individuals
were given the control diet C similar to diet B except for a
higher protein content (25% of total calories). In these stud-
ies, carbohydrate was replaced by ethanol up to 60% of
total calories; in one of these three subjects, the alcohol
dose was increased up to 66% of total calories, with only
4% of total calories remaining as carbohydrate.

Chemical assays. Blood samples were collected twice a
week in the morning (in the fasting state) before alcohol ad-
ministration, and twice a week in the afternoon, 3 hr after
lunch (and 90 min after the afternoon alcohol dose).

Blood was immediately cooled in ice water; in some ali-
quots proteins were rapidly precipitated according to
Weichselbaum and Somogyi (3) and supernatants were
frozen at - 20'C until analysis; other aliquots were cen-
trifuged and plasma or serum were also frozen. Acetoacetate
was determined by the method of Walker (4), fi-hydroxy-
butyrate according to Michaels, Margen, Liebert, and Kin-
sell (5), and serum alcohol by the method of Bonnichsen
(6). The acetoacetate determinations were always performed
no more than 60 days after blood samples were taken; in
our storage conditions the spontaneous decarboxylation of
acetoacetate in frozen filtrates (- 200C) was found to be
less than 5%, with absolute values in the same order of
magnitude as reported by Walker (4). 24-hr urine collections
were stored in the cold (40C), with toluol as preservative.
Aliquots were treated by the Somogyi procedure (3) and
acetoacetate (4) and f-hydroxybutyrate (5) concentrations
were measured.

Animal studies
Male rats, purchased as groups of litter mates and weigh-

ing from 140 to 220 g, were housed in individual wired bot-
tom cages and pair fed liquid diets as described previously
(7); the diets contained carbohydrates or an isocaloric
amount of alcohol introduced gradually; 30 g/liter the 1st
day, 40 g/liter the 2nd day, and 50 g/liter the 3rd day (cor-

responding to 36% of total calories). In one set of experi-
ments, rats were given the liquid diets intragastrically (6
ml/100 g body weight, containing either 3 g/kg of alcohol
or an isocaloric amount of carbohydrate) at the end of the
3rd day. They were then fasted overnight and sacrificed in
the early morning of the 4th day. In a second set of experi-
ments, rats were fed until the morning of the 4th day of the
experiment. They were then given intragastrically 5 ml
of the diets per 100 g of rat body weight and were sacrificed
21 hr later. A third group of rats were fed Purina Chow
until the day before sacrifice; they were then given intra-
gastrically 6 ml of diet per 100 g body weight and were
killed 15 hr later after an overnight fast. Blood alcohol levels
in other similarly treated rats have been measured and were
0, 100-125 mg/100 ml, and 0, respectively, in each group.

All animals were sacrificed by decapitation. Diaphragm
incubation experiments were performed only in fed rats while
liver incubation experiments were done for each of the three
groups of rats described above. Diaphragms were quickly
removed and cut medially. Each half-diaphragm was placed
in Erlenmeyer flasks with 3 ml of Krebs' bicarbonate me-
dium, slightly modified according to Beatty et al. (8) and
containing acetoacetate at a concentration of 0.5 Atmole/ml
and potassium DL-/3-hydroxybutyrate-3-14C2 at a concentra-
tion of 2 /umoles/ml (0.5 /Ci/ml). In some experiments,
ethanol or sodium acetate were added at a concentration of
10 Amoles/ml. The flasks were gassed with a mixture of 02
(95%yo) and CO2 (5%) for 5 min and then shaken in a
Dubnoff water bath at 370C for 2 hr. The incubation was
stopped by the addition of 0.2 ml of 10 N sulfuric acid and
the CO2 released was collected in 1 ml of 0.5 M Hyamine
introduced in the center well. An aliquot of Hyamine was
dissolved in toluene containing PPO (4 g/liter) and POPOP
(50 mg/liter) (9) and counted in a liquid scintillation
counter. Suitable corrections were made for background and
quenching. The medium was neutralized with concentrated
KOH, the protein was precipitated by the Somogyi proce-
dure, and supernatant was frozen until acetoacetate was
measured as described above. Correction was made for
spontaneous degradation of acetoacetate during the procedure
by measuring the disappearance of acetoacetate in control
flasks containing no diaphragm but handled in a similar
fashion.

The liver was quickly removed after sacrifice of the rat
and slices were prepared in the cold with a Stadie-Riggs
slicer, as described previously (10); they were then randomly
distributed in flasks containing 5 ml isotonic Krebs-Ringer
bicarbonate buffer, pH 7.4, with albumin (4 g/100 ml), pal-
mitate-1-14C 2 at a concentration of 0.5 ,umole/ml (0.3-0.5

GCi/ml), and glucose (5 ,imoles/ml); ethanol was added
to half of the flasks at a concentration of 10 ,umoles/ml. The
flasks were gassed, incubated, and the 1'CO2 determined as
previously described for the diaphragms.

The final concentrations of acetoacetate were measured
in aliquots of medium treated as described for the diaphragm
experiments, except that the reaction was stopped with
citric acid (50%o w/v). Concomitantly, radioactivity of aceto-
acetate was measured in other aliquots through its de-
carboxylation with aniline citrate (11). For some experi-
ments, aliquots of the liver were dropped immediately after
sacrifice in hot solution of potassium hydroxide (30%7o w/w)
and their glycogen concentrations were measured with the
anthrone reagent according to Hassid and Abraham (12).

2 Purchased from New England Nuclear, Boston, Mass.
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FIGURE 2 The effect of isocaloric replacement of dietary carbohydrate (by
either alcohol or fat) on blood acetoacetate concentration in two subjects,
both in the fasting and postprandial states.

RESULTS

Studies in man. Figs. 2 and 3 depict the acetoacetate
and P-hydroxybutyrate blood levels in subjects 1 and 2
when given alcohol with a normal-fat diet or when fed
the corresponding high fat diet.

In these individuals, as well as in subjects 3 and 4,
replacement of dietary carbohydrate by ethanol resulted
in a striking increase of the fasting levels of both
ketone bodies. The peak effect was usually reached
after 4-6 days of the full alcohol dose, although some dif-
ferences between patients were observed. When iso-
caloric fat was given instead of ethanol, the effect on

fasting ketone levels was much less striking. Blood
ethanol levels 90 min after the afternoon alcohol dose
did not exceed 145 mg/100 cc and were usually much
lower except in a single instance when it reached 178
mg/100 cc. In the fasting state ethanol was not detectable
in the plasma.

For the purpose of quantitative comparison of the ef-
fects of alcohol and dietary fat, data obtained during the
last two-thirds of the study period (during which alcohol
or fat substitution amounted to 46% of total calories)
were combined, as represented in Table I. The adminis-
tration of alcohol, with a normal fat-containing diet,
produced a 30-fold increase of blood 8-hydroxybutyrate
and acetoacetate (P < 0.001) in the fasting state. These
increases were much more striking than those achieved
with the "ketogenic" high fat diet (an 8- to 10-fold rise
for P-hydroxybutyrate and acetoacetate P < 0.001). The
difference between the ketogenic effect of alcohol and the

high fat diet was highly significant both for 8-hydroxy-
butyrate (P <0.001) and acetoacetate (P <0.001).

In the postprandial state, the ketogenic effect of
ethanol, though striking, was not as pronounced as after
fasting: 8-hydroxybutyrate increased 13-fold after ethanol
(P < 0.001) and 8-fold after a high fat diet (P < 0.001).
The difference between the ketogenic effects of ethanol
and the high fat diet was not significant. The changes
of acetoacetate blood levels were much less striking in
the postprandial than in the fasting state and were com-

parable after alcohol and the high fat diet.
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FIGuRE 3 The effect of isocaloric replacement of dietary
carbohydrate (by either alcohol or fat) on blood fi-hydroxy-
butyrate concentration in two subjects, both in the fasting
and postprandial states.
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Effect of Ethanol and
TABLE I

(or) Dietary Fat on Blood Ketones (mg/100 ml)

Diet composition
(% of total calories)

Carbo- No. of P-Hydroxybutyrate Acetoacetate
Ethanol Fat hydrate Protein subjects Fasting Postprandial Fasting Postprandial

36 49 15 4 1.8 ±0.4 2.1 ±0.2 0.27 +0.06 0.26 ±0.05
46 36 3 15 4 49.9 ±6.3 27.4 ±4.9 7.6 ±0.9 1.7 ±0.2
- 82 3 15 4 15.8 ±3.0 16.2 ±2.1 2.2 +0.5 2.3 ±0.3

- 5 70 25 6 1.2 +0.4 1.7 ±0.6 0.26 ±0.07 0.29 +0.08

46 5 34 15 3 2.9 ±40.5 3.6 ±0.5 0.27 ±0.07 0.17 ±0.02
60 5 10 25 3 5.2 ±0.9 4.2 ±0.8 0.44 ±0.10 0.29 ±0.12
66 5 4 25 1 9.5 +0.5 7.1 ±1.9 1.0 ±0.4 0.53 ±0.18

It should be pointed out that during the feeding of larger amounts of alcohol (60% of total calories) for
the alcohol diet the ratio of j8-hydroxybutyrate over aceto- longer periods of time, alcohol substitution had no ef-
acetate was doubled in the postprandial state but was fect in one patient (No. 8) and increased the ketone
normal in the fasting state when compared to the ratio blood levels very slightly in the two others, who, inter-
observed with the high fat diet; this indicates that the mittently, presented trace amounts of ketonuria. The in-
modification of the redox state induced by alcohol had crease of alcohol up to 66% in one patient produced only
already regressed in the fasting state. slight ketonemia or ketonuria.

The blood data were corroborated by the observation Animal studies. Table II shows that, in the fed as well
that large amounts of ketone bodies were excreted in the as in the fasted rats, pretreatment for 3 days with an iso-
urines. As expected from the blood values, the daily caloric amount of ethanol instead of carbohydrate in-
urinary excretions of acetoacetate and P-hydroxybutyrate duced a significant increase of blood acetoacetate con-
during the alcohol period (214 ±32 mg and 995 ±143 centration (1.09 ±0.48 mg/100 ml compared to 0.38
mg, respectively) were more pronounced than those ±0.03 mg/100 ml in the fed rats and 3.90 +0.30 mg/100
observed during the administration of the high fat diets ml compared to 1.70 ±0.20 mg/100 ml in the fasted
(116 ±14 mg and 409 +49 mg). rats), mimicking, in rats, the findings we observed in

When the fat content of the diet was reduced to 5% rath
of total calories, the same amount of alcohol (46% of Concomitantly, the liver slices from the ethanol-pre-
total calories) did not induce any ketonuria and blood

t

acetoacetate and 8-hydroxybutyrate concentrations were treated rats produced significantly more acetoacetate than
not significantly different from those observed during those of the carbohydrate-fed animals 158 ±10 ig/g of
the control periods (Table I). liver per hr versus 107 ±9 in the fed animals (P <

In three individuals (Nos. 7, 8, and 9) who received 0.001) and 468 ±49 iyg/g of liver per hr versus 274 ±43
the same low fat diet (5% of total calories), but with in the fasted rats (P <0.01).

TABLE I I
Effect of Ethanol Pretreatment (with and without Fasting) on Ketonemia, Hepatic

Ketogenesis, and Glycogen Concentration

Liver slices

Percent of
palMitate-14C

Acetoacetate converted to
Pretreatment Blood acetoacetate production acetoacetate-14C Liver glycogen

mg/1OOml sg per g of % mg/g
liver per hr

Nonfasted rats Control diet 0.38 ±0.03 107 ±t9 0.54 ±0.06 37.1 ±4.4
Ethanol diet 1.09 ±0.48 158 ±10 1.25 ±0.13 20.2 ±5.0

Fasted rats Control diet 1.70 ±0.20 274 ±43 1.78 ±0.30 10.8 ±1.6
Ethanol diet 3.90 ±0.30 468 ±i49 2.89 +0.22 6.2 ±0.8
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TABLE III
Effect of In Vivo or In Vitro Ethanol Administration on

Ketone Metabolism in Rat Diaphragm

Percent of
0-hydroxy-

Ethanol butyrate-4C
in Utilization of converted

Pretreatment medium acetoacetate to 14CO2

nmoles/100 mg %
of muscle per hr

Control diet - 304 ±418 3.88 ±0.14
+ 307 ±19 3.87 ±0.19

Ethanol diet - 287 ±t17 3.42 ±0.13
+ 280±17 3.42±40.14

Increased production of acetoacetate by the liver after
alcohol pretreatment was paralleled by measurement of
the conversion of palmitate-"C to acetoacetate-"C: in the
fed animals, alcohol pretreatment increased the per-
centage of the conversion from 0.54 +0.06 to 1.25
+0.13% (P < 0.001), and, in the fasted rats, alcohol
pretreatment increased this percentage from 1.78 ±0.30
to 2.89 ±0.22 (P < 0.02).

As shown in Table II, although the alcohol effect was
similar in the fed animals and in the fasted rats, all the
values were higher in the latter. After pretreatment with
the control diet, the blood acetoacetate concentrations
were normal in the fed animals whereas they were sig-
nificantly increased in the fasted rats.

Contrasting with the in vivo effects, addition of
ethanol to the medium did not significantly modify either
the production of acetoacetate by the liver or the con-
version of labeled palmitate to acetoacetate-14C.

Table II also indicates that the changes in hepatic
glycogen concentration followed a trend opposite to that
of ketone production. As expected, fasting decreased gly-
cogen concentrations from 37.1 ±4.4 mg/g to 10.8 ±1.6
in the rats pretreated with the control diet and from
20.2 ±5.0 mg/g to 6.2 ±0.8 in the alcohol-pretreated
rats. Alcohol pretreatment itself, however, significantly
decreased the glycogen concentration in the postpran-
dial state (P < 0.05) as well as in the fasting state (P <
0.05); the combination of fasting and alcohol reduced
glycogen concentrations to the very low level of 6.2 ±0.8
mg/g.

In the group of rats who received only one gastric
intubation of diet instead of 3 days of pretreatment, no
significant differences of blood acetoacetate concentra-
tions, acetoacetate productions in the liver slices, or
hepatic glycogen concentrations were observed between
the animals fed the control diet or those given ethanol.

As indicated in Table III, neither in vivo pretreatment
with alcohol nor in vitro addition of alcohol had any sig-
nificant effect upon the consumption of acetoacetate by

rat diaphragm, although ethanol pretreatment of rats
slightly but significantly decreased the percentage of
,0-hydroxybutyrate-14C converted to `C02 from 3.88 +

0.14 to 3.42 ±0.13 (P < 0.001) and from 3.87 ±0.19 to
3.42 ±0.14 (P < 0.02). In four incubations the addition
of sodium acetate at a concentration of 10 umoles/ml
did not alter the acetoacetate consumption by diaphragm
whether or not the animals were pretreated with ethanol.
The acetoacetate consumption averaged 317 and 314
nmoles/100 mg of muscle per hour respectively with and
without addition of acetate to diaphragms of control
animals; the corresponding results in ethanol-pretreated
rats were 284 and 294.

DISCUSSION

This study revealed that chronic administration of
ethanol, in association with a calorically adequate fat-
containing diet, induces a marked hyperketonemia in man
and in rats and that for an identical caloric and carbo-
hydrate intake, ethanol is more ketogenic than iso-
caloric fat. Ethanol feeding also resulted in an increased
production of ketones by rat liver slices.

Previous studies on the relation between ethanol and
ketone metabolism yielded conflicting results. To assess
the "anti-ketogenic" effect of alcohol, ethanol was given
to both diabetic and "normal" subjects, in whom keto-
nuria was induced by fever or low carbohydrate diets;
alcohol was found to decrease (13, 14), or not to affect
(15) ketonuria. Most of these studies were of short-
term duration (13) or involved rather nonspecific
chemical assay methods. Ketonemia (16) after ethanol
has also been noted, but five of the seven subjects were
diabetic and ethanol was not given isocalorically. These
various factors may explain the conflicting results
obtained.

Clinically, ketonuria has been observed occasionally
in acutely intoxicated alcoholic patients, and was gen-
erally attributed to poor nutrition or prolonged fasting
(1). As shown clearly by our results, these conditions
are not required. Even with an adequate intake of
calories and protein, isocaloric substitution of carbohy-
drates or fat by ethanol produced a marked hyperketo-
nemia and ketonuria, as long as the diet comprised a
normal amount of fat.

The ethanol-fat diet contained only a minor propor-
tion of carbohydrates (3% of total calories), and this
factor, though of importance, is probably not sufficient
by itself to account for the ketonemia, since a diet
containing 4% of total calories as carbohydrates and
66% as alcohol, but with only 5% as fat, had no appreci-
able ketogenic effect. Furthermore, it has been ob-
served that hyperketonemia produced by starvation in
rats can be abolished or reduced by feeding fat in ade-
quate caloric amounts (17). In man, except under maxi-
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mal starvation, a ketogenic diet furnishing over 92%
of its calories in the form of fat and thus containing a
low amount of carbohydrate may, if given early enough,
delay or alleviate ketosis (18). Since our ketogenic regi-
men contained 15% of calories as protein, which are glu-
cogenic, and 36% of fat (containing glycerol, also a
precursor for gluconeogenesis), it would seem unlikely
that lack of exogenous carbohydrate itself is the sole
explanation for the ketotic effect observed with the
ethanol diet. The key role played by alcohol is confirmed
by our finding that a diet consisting of alcohol (46% of
calories) and fat (36% of calories) is far more ketogenic
than a high fat diet alone (82% of total calories),
though both had the same low carbohydrate content.

Theoretically, alcohol could induce the observed hyper-
ketonemia and hyperketonuria by enhancing hepatic
ketone production or reducing peripheral ketone utili-
zation, or by a combination of both mechanisms. A re-
duction of peripheral utilization of ketones could re-
sult from elevated plasma acetate levels. However, ace-
tate added to diaphragm incubations at a concentration
of 10 ,umoles/ml did not alter acetoacetate consumption
whether or not the animals were pretreated with al-
cohol. Crouse, Gerson, DeCarli, and Lieber (19) have
demonstrated previously that ethanol feeding in man re-
sulting in blood levels of ethanol as high as 110 mg/100
ml resulted in a concentration of plasma acetate of only
1 Amole/ml which is 10 times less than the concentration
used in our media. Blood ethanol concentrations in our
patients varied but did not exceed 145 mg/100 ml even
on the 66% ethanol diet. Moreover when in the fasting
state neither the patients nor the animals were metabo-
lizing alcohol. This makes it unlikely that the ketonemia
observed was secondary to a block of muscle utilization
of ketones by acetate. Alcohol pretreatment in vivo in-
duced a small decrease (10%) of 14CO2 production from
labeled 3-hydroxybutyrate in incubated diaphragms,
but no decreased utilization of acetoacetate by the dia-
phragm was observed either under the influence of
alcohol in vitro or after pretreatment of the rat with an
alcohol-containing diet. To the extent that the diaphragm
can be considered as representing the whole muscular
mass, these experiments indicate that the accumulation
of blood ketone results to a greater extent from in-
creased hepatic production of ketones (observed in the
liver slices) than from decreased utilization in muscle.

The biochemical mechanisms underlying hepatic ke-
togenesis are much debated (20, 21) and may vary in
different "ketogenic" conditions. One probably can still
accept the classic theory that the formation of ketones
is regulated by the combination of (a) an increased fat
load upon the liver, through increased fat mobilization
(fasting) or excessive fat intake (high fat-low carbo-
hydrate diets), associated with (b) a relative depletion

of hepatic carbohydrate intermediaries necessary for
the oxidation of fat through the citric acid cycle. These
factors may ultimately result, as discussed by Bremer
(22), in an increase of the ratio of acetyl-CoA over
CoA, which could be the determining factor regulating
acetoacetate production.

Alcohol does not increase the intestinal absorption
of fat (23) nor does it produce peripheral fat mobiliza-
tion (24-26) except with very large amounts of ethanol
in excess of those used in the present study (23, 27).
In a previous study, chronic administration of amounts
of ethanol similar to the ones fed in this study on a
diet comparably restricted in carbohydrate, or with ad-
dition of 300 g of ethanol per day to an otherwise nor-
mal diet, did not elevate the fasting plasma concentration
of free fatty acids (28). An increase of circulating free
fatty acids was observed only when the oral intake of
ethanol amounted to 400 g/day (28). The greatest daily
dose of ethanol in our patients was 245 g in the single
patient who consumed ethanol as 66% of calories. The
hepatic metabolism of alcohol itself results in the pro-
duction of two carbon fragments (29). This excess of
acetyl radicals originating from ethanol, however, can-
not suffice, by itself, to explain the excessive ketone pro-
duction since a diet with a large amount of alcohol (but
containing only 5% of fat as total calories) did not in-
duce hyperketonemia. Moreover, most of the two-carbon
fragments derived from ethanol are released from the
liver as acetate (30), which, in turn, is predominantly
metabolized in peripheral tissues (31). The fact that a
diet containing 46% of ethanol and 36% of fat is more
ketogenic than one containing 82% as fat also indicates
that ethanol does not merely act as a source of two-
carbon fragments. Alcohol has been shown to inhibit
fatty acid and chylomicron oxidation (10, 32), probably
through alteration of the citric acid cycle, possibly as
a consequence of an altered redox potential induced
by ethanol oxidation (10, 29). In addition, striking ul-
trastructural alterations of the mitochondria have been
described after ethanol feeding (33-35); these may also
affect mitochondrial function, especially fat oxidation.
Alteration of lipid oxidation may indeed play an im-
portant role in explaining the ketogenic effects of ethanol
in the postprandial state.

It must be pointed out, however, that the alcohol effect
upon ketogenesis was predominant in the fasting state,
when alcohol had disappeared from the blood and when
its metabolic effects on the redox potential of the cells
had already regressed, as indicated by the normal ratio
between 8-hydroxybutyrate and acetoacetate. The in-
fluence of ethanol on the metabolism of liver from fed
and starved rats in liver perfusion experiments has been
studied (36). The addition of ethanol to the perfusion
media resulted in the almost complete cessation of C02
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production, the change being faster in the liver of the
starved rats. The respiratory quotient of starved ani-
mals is known to be low (37). This is thought to be
due in part to the oxidation of fatty acids to ketones, a
process in which O is consumed without C02 production.
The more striking ketogenesis in our patients in the
fasting state may reflect increased susceptibility in the
fasting liver to some persistent effect of alcohol, in-
cluding perhaps alterations in mitochondrial function as-
sociated with the marked ultrastructural changes (33,
35). Another explanation for increased ketone produc-
tion during fasting was suggested by Bremer, who ob-
served a decreased concentration of propionylcarnitine in
the liver of fasting rats; this may in turn result in a
decrease of propionyl CoA which is an inhibitor of
acetoacetate-forming enzyme system (22).

Since oxaloacetate depletion has been considered to
be one of the mechanisms responsible for ketone over-
production (17), it is of interest to note that acute
administration of alcohol to rats did not modify the
absolute amount of oxaloacetate, although it increased
the ratio of malate over oxaloacetate (38). However,
effects of chronic administration of ethanol on these
parameters and, more specifically upon the mitochon-
drial oxaloacetate, are still unknown.

Conflicting results have been reported concerning the
effects of intravenous ethanol on serum insulin. In one
study, intravenous ethanol was not found to affect se-
rum insulin (39), whereas in another report it produced
hypoglycemia with a compensatory reduction of circu-
lating insulin in fasting subjects (40). A reduction of
serum insulin secondary to hypoglycemia could lead to
increased ketogenesis. However, this is unlikely in our
patients since ethanol was always given orally (and
chronically) and repeated blood glucose levels were
always normal.

In the rats, increased ketone production in liver slices
occurred only after several days of ethanol pretreatment,
and addition of ethanol in vitro was without effect. Simi-
larly, splanchnic ketogenesis was unaffected when ethanol
was given in acute experiments to volunteers (30).
Thus the effect of ethanol on ketone metabolism is char-
acterized by a delayed change which suggests that the al-
cohol effect may not result primarily from the presence
of the ethanol and its immediate biochemical action,
but rather from a progressive change in metabolic
pathways in the liver, the nature of which has not been
elucidated as yet. Our findings of a delayed effect of
ethanol on ketone metabolism and the role of associated
dietary factors, however, could tentatively be explained
by the following hypothesis: the delay in the appearance
of ketonemia after ethanol feeding may be due to the
fact that time is required for the depletion of the glyco-
gen stores in the liver. Glycogen depletion (which was

verified in our animal experiments) most likely results
from a combination of a low carbohydrate diet and an
alcohol-induced block of gluconeogenesis (41). If dietary
fatty acids are then given with the ethanol, their oxida-
tion is probably impaired and ketogenesis markedly en-
hanced both because of the lack of carbohydrate and the
ethanol-induced inhibition of the activity of the citric
acid cycle. Much less ketonemia appears in the absence of
ethanol, even with a high fat diet, probably because glu-
coneogenesis from glycerol and proteins can proceed
normally under these conditions. Moreover, the differ-
ence in carbohydrate intake between the ethanol and
high fat diets (due to the glyceride-glycerol), though
small, could contribute to higher hepatic glycogen levels.
Less ketonemia also appeared with a high dose of
ethanol alone (in the virtual absence of dietary fat) be-
cause the two-carbon fragments derived from ethanol
are exported from the liver as acetate (which is utilized
primarily in peripheral tissues) (31) instead of being
converted to ketone bodies in the liver, as is the case
for fatty acids.
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