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Effects of Prolonged Ethanol Intake: Production of Fatty
Liver Despite Adequate Diets *

CHARLESS. LIEBER,t DONP. JONES, AND LEONOREM. DECARLI
(From the Thorndike Memorial Laboratory and the Second and Fourth [Harvard] Medical

Services, Boston City Hospital, the Department of Medicine, Harvard University,
Boston, Mass.; the Liver Disease and Nutrition Unit, Second [Cornell]

Medical Division, Bellevue Hospital, and the Department of
Medicine, Cornell University Medical College,

New York, N. Y.)

Although the association of alcoholism and fatty
liver was described as early as 1836 (3), the
pathogenesis of this disorder is still the subject
of controversy. Among the problems at issue is
the question of whether the fatty liver observed
after prolonged alcohol intake is due only to nu-
tritional deficiencies associated with alcoholism
or whether it is caused by alcohol itself (4-6).

In the present study an attempt was made to
dissociate the effect of ethanol per se from se-
quelae of dietary deficiencies. It was found, both
in man and in rats, that ethanol ingestion produces
fatty livers, despite maintenance of adequate diets.

Methods
A. Clinical studies

Subjects. Five individuals were studied under meta-
bolic unit conditions. The subjects varied in age be-
tween 36 and 62 years; all but one were males. All had
a history of alcoholism, but they had abstained from al-
chohol for periods varying from 30 days to 2 years.
At the time of the study, none had clinical evidence of
liver disease, and liver function tests were normal (Ta-
ble I). The subjects had a history of previous alcoholic
fatty liver, documented by liver biopsy, but at the time of
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the study, liver morphology had returned to normal, as in-
dicated by the biopsies done during the control periods
(Figures 2a, 3a, 4a, and 5a).

Diets and procedure. The composition of the diet will
be indicated individually with the results. Four indi-
viduals received solid conventional foods, and one sub-
ject (No. 3) was given a liquid diet, containing sucrose
as carbohydrate. All the diets had an adequate content
of nutrients, including amounts of vitamins and minerals
above the daily recommended allowances (7). Special
care was given to the maintenance of constant food intake,
both during the control and ethanol periods; dietary con-
sumption varied between 90 and 100% of the food ad-
ministered, and the individuals maintained stable body
weights during the entire study (Table I). After con-

trol periods, alcohol,' considered to have a caloric value
of 7 calories per g (7), was administered divided in five
or six daily doses, either as blended whiskey (four indi-
viduals) or, in the subject given the liquid diet, as labora-
tory ethanol. It was either isocalorically substituted for
carbohydrate given during the control period (Subjects
1 to 3) or added to the normal diet (Subjects 4 and 5).
The dose and duration of alcohol administration will be
indicated individually for each subject with the results.
The amounts given produced mild euphoria, without gross
intoxication. Liver biopsies were performed during the
control periods and after various intervals of ethanol ad-
ministration. In Subjects 3 and 4, liver biopsies were
also done approximately 1 month after ethanol withdrawal.

Chemical assays. Blood samples were collected in the
morning with subjects in the fasting state before alcohol
administration, unless otherwise indicated. Blood samples
were centrifuged within 2 hours after collection, and the
heparinized plasma or serum was immediately frozen at
- 180 C until analysis. Serum alcohol was determined
by the method of Newman and Newman (8). For the
analysis of glycerides, 1 ml of plasma was extracted with
chloroform-methanol (9), the phospholipids were adsorbed
on small silicic acid columns, and the glycerides were
measured in the eluant (10). Determinations were also
done of plasma glucose, blood hematocrit, amylase, and
liver function tests, both during the control periods and
after various intervals of ethanol administration.

1 "Alcohol" as used in this paper is synonymous with
ethyl alcohol or ethanol.
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TABLE I

Liver function tests and body weight in five subjects given ethanol under metabolic ward conditions

Subject Thymol Total Prothrombin
no. Period Bilirubin SGOT* turbidityt protein Albumin timet Body wt

mg/100 ml g/100 ml g/100 ml kg
1 Control period 0.8 27 1.0 6.9 4.2 14.0 (14.0) 82.4

After 9 days 1.0 32 1.5 7.0 4.0 13.8 (13.0) 82.8
After 18 days 0.7 37 1.5 7.1 3.7 15.1 (14.0) 82.4

2 Control period 1.0 24 1.0 6.8 4.7 15.2 (14.0) 69.8
After 11 days 0.8 32 1.2 7.0 4.6 14.8 (13.2) 70.0
After 17 days 1.2 27 1.3 6.0 4.2 15.0 (13.7) 70.7

3 Control period 0.2 18 1.5 7.4 4.3 13.2 (13.2) 71.5
After 10 days 0.4 26 1.5 7.0 3.9 13.0 (13.0) 71.4
1 month after

ethanol withdrawal 0.2 11 2.3 6.8 3.8 14.8 (14.0) 72.4

4 Control period 0.8 30 1.1 6.8 3.8 15.2 (13.0) 84.3
After 7 days 1.0 42 2.2 7.2 3.9 14.6 (13.2) 85.2
After 11 days 1.1 30 1.8 7.2 3.8 15.8 (14.0) 85.3

5 Control period 1.1 40 1.8 7.1 3.7 15.2 (13.8) 54.1
After 11 days 0.9 22 1.1 7.3 3.9 15.0 (13.2) 53.5
After 25 days 1.0 27 1.2 7.0 3.9 15.8 (14.0) 54.6

* Serum glutamic oxaloacetic transaminase; normal range, 8 to 40 U.
t Normal range, 0 to 4 Maclagan U.
I In seconds (with control values).

B. Animal studies

Diets and procedure. C.D. rats 2 were purchased in 32
groups of 6 male weanling litter mates. They were
maintained on Purina rat chow diet and tap water ad
libitum until they reached a weight of 75 to 175 g, at which

2 Charles River Laboratories, Boston, Mass.

CONTROL ETHANOL ETHANOL
36% cal. 20% cal.

80h

R§60

6-
° 40

20 _

01

time they were housed in individual bottom wired cages
and given liquid diets in graduated drinking tubes (11) as
the only source of food and water. The dietary com-
position has been represented in Figure 1. The diets
contained 0.6 to 1 calorie per ml, an adequate water/
calorie ratio for the rat (12). The salt formula of Heg-
sted, Mills, Elvehjem, and Hart (13) and the amino

HIGH FAT 18% HYPO- 36%HYPO-
CALORIC CALORIC

Sucrose Ethanol [1111 Fat Amino-acids

Choline Cl. - 0.25 gm/L, Vitamins - 0.05 gm/L, Salts - 10.00 gm/L, Sod. Carrageenate - 4.00 gm/L

FIG. 1. COMPOSITIONOF THE SIX TYPES OF LIQUID DIETS FED TO RATS.
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acid and vitamin mixtures of Sidransky and Farber (14)
(with a 50% increase of niacin) were used. The cho-

line and methionine contents were 0.25 and 1.50 mg per

ml, respectively, which is equivalent to concentrations of
0.1 and 0.6% in solid diets, amounts found to be optimal
for the rat (15). Fat was incorporated as an oil mixture
containing, by weight, 5 parts of Mazola corn oil, 1.5
parts of cod liver oil (U.S.P.), and 12 parts of Pastene
olive oil; sodium carrageenate (Viscarin) (4 g per L)
was used to stabilize the liquid diet. The control diet
contained 16% of its calories as amino acids, 41% as su-

crose, and 43% as fat (Figure 1) A preliminary study
in 20 rats (75 to 95 g) fed the control liquid diet or

Purina rat chow ad libitum indicated similar growth rates
of approximately 6 g per day, after an initial adaptation
period of 3 to 5 days. In the alcohol diets, sucrose was

replaced isocalorically with ethanol to the extent of 36%
or 20% of total calories (Figure 1). Loss of ethanol
by evaporation was negligible in the diets kept in the
drinking tubes for periods up to 48 hours. In the high
fat diet, sucrose (36% of calories) was replaced with the
oil mixture, leading to a total fat content of 79% of the
total calories (Figure 1). Two hypocaloric diets were

also prepared by omitting sucrose from the control diet
to the extent of 18 or 36% of the total calories (Figure
1).

Ethanol was introduced into the diet gradually. The
final concentration of 50 g per L of ethanol was achieved
on the fifth day of feeding. During the first 2 days, the
animals were given the liquid diet with 30 g per L ethanol,
which was increased to 40 g per L for the third and
fourth days. The high fat diet was administered with a

similar stepwise increase. The rats were studied in
groups of two to four littermates. Observations during
the initial days indicated in each group which of the
animals had the lowest spontaneous food intake. This
rate limiting rat (which was usually the one given alco-
hol) received the liquid diet ad libitum, and its pair-fed
littermates were fed isocaloric amounts of one of the
other diets on the following day. During the 24 hours
preceding the sacrifice of the rats, the diets were given in
three divided doses at approximately 8-hour intervals.

The body weight of the rats was determined at least
twice a week. After 10 or 24 days, the animals were

sacrificed by decapitation, blood was collected from the
neck vessels, and serum was frozen at -180 C until
analysis. Samples of hepatic, pancreatic, and small in-
testinal tissue were fixed in 10%o neutral formalin until
processing for histological examination.

Chemical assays. Hematocrits were measured by the
microprocedure. Total lipids were extracted from ap-

proximately 1 g of liver (16) and quantitated by the
weight of the dried extract. Lipid classes were frac-
tionated by silicic acid column chromatography and quan-

titated as described previously (17). In eight rats, fat
free dry weight of the livers was determined, and the
lipid content was expressed per gram of fat free dry
weight, per gram of fat free wet weight, and per gram
of wet weight. The relative change in lipid content pro-

duced by ethanol was found to be the same when ex-

pressed per fat free dry or wet weight and not substan-
tially different when calculated per gram of wet weight;
subsequent results were expressed per wet weight of liver
only. The results obtained in each animal were conm-

pared to the corresponding values in the pair-fed con-

trol littermate, and the mean of the individual differences
was calculated and the degree of significance was tested
by the Student t test (18).

Results
A. Clinical studies

The liver biopsies done in the five individuals
studied under metabolic ward conditions showed
fat accumulation in the liver after ingestion of
ethanol, either as isocaloric substitution of carbo-
hydrate (Figures 2 to 4) or in addition to the
basic diet (Figure 5). Although the liver bi-
opsies done during the control period indicated
normal hepatic morphology, vacuoles filled with
fat (confirmed by Sudan IV stains, Figures 2b',
2c') appeared during alcohol administration. In-
dividual variation was apparent, and the distribu-
tion of the fat was irregular, with marked ac-
cumulation in some areas, whereas in others fat
infiltration was less pronounced. No preferen-
tial localization of the fat within central, mid-
zonal, or periportal hepatic lobular areas was
apparent. In Subject 4, given up to 300 g of
ethanol per day (Figure 5), fat accumulation was
already visible by 8 days (Figure 5b), whereas
in Subject 5, given half this amount, no lesion
was visible after 8 days, but fatty infiltration was
present after 21 days, similar in degree to the
one found in Subject 3 (Figure 4b). The other
three subjects who developed fatty livers were

Liver biopsy |I biopsy| LLver biops
caL/day

2,004CARBOHYDRATE _m

1000!
I [FATT36% jPROTEN 16

I j3 i 1 1 1 _ a X 1 1r_|

23 292 7 29 31 33 35 37 39 41 43 45 47
DAYS

FIG. 2. SCHEMEOF THE COMPOSITIONOF THE DIET AND

ITS RELATIONSHIP TO THE LIVER BIOPSIES DONEIN SUBJECT
1 BEFORE (2A, A') ANDAFTER 11 DAYS (2B, B') OR 18 DAYS

(2c, c') OF ISOCALORIC SUBSTITUTION OF CARBOHYDRATE

BY ETHANOL. The daily dose of ethanol is indicated both
in grams and as per cent of the total daily caloric intake.
2a, b, c: hematoxylin eosin stains; 2a', b', c': Sudan IV
stains.
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FIG. 2.-(Continued)
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I G.2.-(Cont..:ed)
FIG. 2.-( Continued )

biopsied after 11 or more days of ethanol intake
(Figures 2 to 4). Subjects 1 and 2 were bi-
opsied twice during the ethanol phase; the last
biopsies revealed more hepatic fat vacuoles. Sub-
jects 3 and 4 were biopsied 1 month after ethanol
withdrawal, and hepatic morphology was found
to be restored to normal (Figures 4c and 5c).

As indicated in Figure 5, addition of ethanol to
a regular diet in amounts up to 300 g per day
resulted in a marked rise of plasma glycerides
accompanying the development of hepatic stea-
tosis. In the other four individuals, given about
half this dose or less of ethanol, no significant
change was observed in circulating glycerides.

The serum ethanol concentrations observed in
the individual given the largest dose of ethanol
have been represented in Figure 5. Peak values
of about 200 mg per 100 ml were observed. In
the four other individuals, given lesser amounts
of ethanol, serum alcohol levels were only mod-
erately increased, varying between 30 and 100
mg per 100 ml.

No significant changes were found in plasma
glucose, blood hematocrits, serum amylase, or in
liver function tests or body weight (Table I).

B. Animal studies

Total hepatic lipids were similar in a group of
ten rats given Purina chow diet ad libitum (41.6
+ 0.9 mg per g of liver) and in the various series

of animals fed the sucrose control diet in pair-
feeding with the different alcohol groups, as indi-
cated below and in Table II. Detailed analysis
of hepatic lipids was done in 14 pairs of rats
treated for 10 days and 19 pairs of rats treated
for 24 days with the 5%o ethanol diet (36% of
total calories) or the sucrose control diet (Table
II). A striking progressive rise in total lipids
was observed with ethanol, due predominantly
to an accumulation of hepatic triglycerides, which
increased on the average eightfold after 24 days.
Ethanol given over 24 days resulted in an in-
crease of liver weight, more than half of which
could be accounted for by the excess lipid (Table
II). The accumulation of lipid in the liver was
accompanied by corresponding morphological
changes. The histological appearance of a pair
of rats with average hepatic lipid changes is in-
dicated in Figure 6. Like the chemical results
(Table II), morphological changes were more
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LiverbiopsyJ Liver t
caL/d( _w
3,000

E~~~~THANOLIC'ARBOHYDRATE
2,0 00 - 48%.

,0OO0 - FAT 36 %

o r

-I

1: id iiii

I. , i .L.
23 25 27 29 31 33 35 37 39 41 43 45 47

DAYS

F, 13;. 3. SCIIEMIE OF TIHE OF()MIL)S11N ETIL. L T AND)

H'IS R I. S 1IIP TO 11 V E,(I. IO I t ILIC1 MATO14(' x Y I

uS1NSTAINS) DOINE IN Su1/JEp.l(lT 2 ( 3A) ANDAFITER
13 (313) OR 18 DAYS (3c3) OF JSOALRIC SURSTJITI-
F/ON OF C'ARIofIY1R;\TF: BY E'rTIIA NO( L. The (daily (l1se of

etl]:llod] I isndlicatedi both ill graml/S allwl a; per cent otf the

iItal (jail (caloric intake.

FIG. 3.-(Continued)
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FIG. 5.-(Continued)

pronounced after 24 days of ethanol (Figure 6)
than after 10 days. No morphological changes
were observed in pancreas and small intestine.

After 24 days of the 3% ethanol diet (20%
of total calories), total lipids increased slightly
to 67 + 7.5 compared to 51.2 + 4.4 mg per g

in the pair-fed controls (p < 0.01). No signifi-
cant changes in total hepatic lipids were observed
in rats treated over 24 days with the high fat
diet (50.1 + 3.1 compared to 45.5 + 3.1 mg per

g in the controls), the 18%o hypocaloric diet (49.1
+ 3.0 compared to 49.4 + 1.8 mgper g in the con-

trols), and the 36%o hypocaloric diet (50.6 + 2.7
compared to 50.6 1.3 mg per g in the controls).

Animals fed the ethanol diet had a significantly
lower growth rate than the littermates pair-fed
daily with isocaloric amounts of the control
sucrose diet: in a group of 34 pairs of rat litter-
mates fed with liquid diets over 24 days, the
average daily weight gain was 2.28 + 0.17 g for
the control rats, as compared to 1.86 0.16 g in
the animals fed 5%o ethanol diet (p < 0.001).
In the rats fed the 18% hypocaloric diet, the
average daily weight gain (1.79 0.38 g) was

comparable to that of the alcohol group, whereas
the animals given the 36%o hypocaloric diet had
no significant change in weight. Growth rates
of the controls and the rats given the diet rich
in fat were similar.

Serum alcohol levels were determined at ran-

dom at the time of sacrifice in 17 rats having free
access to the alcohol diets: either 3% (6 rats) or

5% (11 rats). Serum alcohol concentrations
were negligible in the rats given the 3% alcohol
diet, whereas they averaged 63.7 + 12.6 mg per
100 ml in the group fed the 5%o ethanol diet.

At the time of sacrifice, hematocrit values were

similar in all groups.

Discussion

The major point of the present study was to
determine whether both in man and in rats al-
cohol can produce fatty liver despite an otherwise
adequate diet.

TABLE II

Effect of ethanol on hepatic lipid composition in two groups of rats treated for 10 or 24 days

A: 14 pairs of rats treated 10 days B: 19 pairs of rats treated 24 days

Sucrose Ethanol p values* Sucrose Ethanol p values*

Total lipids, 40.9 80.3 <0.001 43.2 129.4 <0.001
mg lipld/g liver ±1.4 ±4.2 ±1.2 ±9.2

Triglycerides, 11.2 41.3 <0.001 11.3 89.4 <0.001
mg lipidig liver ±1.4 ±4.3 ±1.3 411.1

Phospholipids, 26.5 33.4 <0.001 28.8 31.4 <0.001
mg lipid/g liver ±0.9 ±1.3 ±1.2 ±1.1

Liver weight, 7.30 7.41 >0.10 7.33 8.82 <0.001
g wet wt ±0.20 ±0.33 ±0.54 ±0.37

* Ethanol vs. sucrose.
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FIG. 6. LIVERS OF TWORAT LITTERMATES PAIR-FED OVER

24 DAYS WITH ISOCALORIC AMOUNTSOF A) THE CONTROL

DIET OR B) THE ETHANOLDIET (36% OF TOTAL CALORIES).
Hematoxylin eosin stains. Total lipids were 46 (a) and
119 (b) mg per g.

Previously, Volwiler, Jones, and Mallory (19)
and Summerskill, Wolfe, and Davidson (20)
failed to detect a deleterious effect of alcohol ad-
ministered to patients recovering from alcoholic
fatty liver. In their studies, however, the amounts
of alcohol given were less than in our investiga-
tion and much less than the usual intake of alco-
holics. In contrast, Menghini (21) found, with
presumably larger amounts of alcohol, that clear-
ing of the fat from alcoholic fatty livers was pre-
vented by alcohol ingestion. Recently Erenoglu,
Edreira, and Patek (22) gave amounts of alcohol
similar to the ones used in the present investiga-
tion to subjects with pre-existing cirrhosis and
failed to detect harmful effects on the cirrhosis,
but mild fat accumulation was noted on histo-
logical examination.

All the preceding studies were concerned with
the effect of alcohol in subjects with fatty liver
or cirrhosis, leaving the question unanswered as
to whether in subjects with morphologically nor-
mal livers, ingestion of alcohol in a dose ap-
proaching amounts usually consumed by alcoholics
is capable of producing fat accumulation, even in
the absence of dietary deficiencies.

Our data demonstrate that in subjects with a
history of alcoholic fatty liver, but whose hepatic
morphology has returned to normal, accumulation
of fat in the liver can be produced by the con-
sumption of relatively moderate amounts of al-
cohol, either in addition to or as isocaloric sub-
stitution for carbohydrate in an otherwise ade-
quate diet. In man, fat accumulation was not
quantitated chemically. On histological examina-
tion, it appeared to be moderate and less pro-
nounced than the marked steatosis that can some-
times be seen in patients hospitalized for alcoholic
liver disease. The mildness of the fat accumu-
lation under the present experimental conditions
appears to be linked, at least in part, to the rela-
tively modest dose of alcohol, which was in every
instance much less than the spontaneous intake
of these individuals when on an alcoholic debauch.

The steatosis appeared to depend on both the
dose and the duration of ethanol intake, but in
the limited number of subjects studied, it was
not possible to establish whether a threshold
exists for the production of fatty liver by ethanol.
It is possible that our subjects, who had a history
of alcoholic fatty liver, may indeed be more
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susceptible to an alcoholic insult than an alcoholic
individual without previous fatty liver or than an

average nonalcoholic subject. Prolonged admin-
istration of ethanol to nonalcoholic subjects, how-
ever, may be objectionable; therefore rats were

used to determine whether, in the absence of pre-

existing alcoholism, ethanol consumption is ca-

pable of producing fatty livers, despite an ade-
quate diet.

With conventional feeding techniques, rats re-

fuse to drink spontaneously amounts of alcohol
substantially greater than about 20% of the calo-
ries. In previous studies, this dose of ethanol
(given with an adequate diet) resulted in some

accumulation of hepatic lipids, detectable with
chemical methods, but no actual fatty liver was

produced, as seen by gross or morphological ex-

amination (23, 24). This lack of effect is not
surprising, as 20% of total caloric intake as

alcohol is a very low dose which, under our ex-

perimental conditions, not only failed to produce
appreciably fatty livers, but also did not result in
any significant blood level of alcohol. Previous
investigators succeeded in producing fatty livers
in rats through the combination of alcohol with
dietary deficiencies (4, 25). These experiments
led to two concepts regarding pathogenesis: either
that the fatty liver is due to dietary deficiencies
associated with the caloric load of ethanol rather
than to ethanol itself (4) or that the effect of
dietary deficiencies is potentiated by alcohol,
through enhancement of choline requirements in-
dependent of the increase in caloric intake (25).

To determine whether hepatic steatosis can be
produced in rats with ethanol in the absence of
any dietary deficiencies, an experimental method
was needed to increase the amounts of alcohol
consumed by the rats. When given acutely with-
out food in a large single dose by gastric tube,
alcohol was found to produce fat accumulation
in the liver (26-30), but the mechanisms in-
volved in these acute experiments do not neces-

sarily apply to more prolonged alcohol intake,
such as is observed commonly in chronic alco-
holic patients.

In the present study, prolonged intake of sub-
stantial amounts of alcohol was achieved by over-

coming the natural aversion of rats for alcohol
through incorporation of the ethanol in a com-

pletely liquid diet with the exclusion of any other

source of food or fluid. With this experimental
design, the amount of alcohol ingested could be
raised to 36% of total calories. The nutritional
adequacy of this diet was evidenced by continued
growth as well as normal hepatic morphology
and fat content in the controls. This amount of
alcohol resulted in moderate serum alcohol levels
and was sufficient to consistently produce hepatic
steatosis, with an average eightfold rise of hepatic
triglycerides after 24 days (Table II).

Despite isocaloric pair-feeding, the rate of
growth was significantly less in animals on al-
cohol as compared to the controls. This con-
firms previous studies indicating that alcohol does
not support growth as well as carbohydrate (12,
24, 31). The lesser gain in body weight seen
in the animals given alcohol suggests that either
alcohol, in some way, affects food utilization or
increases caloric loss, or that the calories from
ethanol are less available for growth. Hypocaloric
diets, however, produced no steatosis, indicating
that the alcoholic fatty liver was not simply a
result of a lack of available calories. Although the
animals given alcohol achieved less total body
weight than the controls, the weight of their livers
was significantly increased, which was due, to a
large degree, to fat accumulation (Table II).

That the fatty liver associated with isocaloric
substitution of carbohydrate by alcohol is due to
a specific effect of alcohol itself rather than to
some nonspecific change of the diet (for instance,
a decrease in carbohydrate content) was also indi-
cated by the experiments with the high fat diet.
When 36% of the total calories given as carbohy-
drate in the control diet was replaced with fat
instead of alcohol, no fatty liver occurred, indi-
cating that the capacity of alcohol for producing
a fatty liver is greater than that of fat itself.

Possible mechanisms responsible for the hepatic
steatosis have not been assessed directly in the
present study, but the observed blood lipid changes
contribute indirectly to the-understanding of the
pathogenesis of this type of fatty liver. It has
been postulated that fat accumulation could result
from a decrease in lipoprotein release from the
liver (32). Although this possibility has not been
ruled out, the fact that a fatty liver was observed
simultaneously with the development of hyper-
glyceridemia (Figure 5) and that alcohol has
been shown previously to produce hyperglyceri-
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demia (1, 5, 17, 29, 33) suggests that decreased
hepatic glyceride release does not represent a pri-
mary cause for fatty liver development, at least
not during the initial period.

After the acute administration of a large single
dose of alcohol to rats, fat that accumulated in
the liver resembled adipose tissue lipids (29),
incriminating increased peripheral fat mobilization
as a mechanism for the hepatic steatosis. The
latter experimental model, however, differs mark-
edly from the experimental design used in the
present study in which hepatic fat accumulation
was produced by the repeated administration over
prolonged periods of time of more moderate
doses of alcohol. With prolonged ethanol in-
take, fat that accumulated in the liver, both in
man and in rats, differed markedly from adipose
tissue lipids, indicating that fat depots do not
represent a major source for the lipids of this
type of alcoholic fatty liver (34). Theoretically,
hepatic steatosis produced by prolonged alcohol
ingestion could be due to increased hepatic lipo-
genesis or to an interference by ethanol with
hepatic lipid disposition. Ethanol has been found
to increase hepatic production of fatty acids (35)
and triglyceride (29) and to decrease hepatic
fatty acid oxidation, both in vitro (35) and in vivo
(30). Some of these effects appear to be linked
to the generation of reduced nicotinamide adenine
dinucleotide produced by the oxidation of ethanol
in the liver (6, 35). Theoretically, all these
mechanisms, as well as some additional possibili-
ties (36), including hepatic deposition of dietary
fatty acids (34), could play a role in the fatty
liver produced with ethanol.

Summary

1. In studies performed under metabolic unit
conditions in five alcoholic subjects, isocaloric
substitution of carbohydrate by ethanol in an
otherwise normal diet or addition of ethanol to
an adequate diet resulted in fat accumulation in
the liver. This incriminates ethanol itself as a
direct etiologic factor in the pathogenesis of the
alcoholic fatty liver, independent of nutritional
deficiencies.

2. The natural aversion of rats for alcohol was
overcome by incorporating ethanol in a liquid
diet. With this feeding technique, the spontane-

ous ethanol intake was almost twice as high as
with conventional feeding procedures and became
comparable to the amounts used in the clinical
studies (36%o of total calories). As in man, iso-
caloric replacement of sucrose (36%o of total cal-
ories) by ethanol produced fatty liver. After 24
days of treatment, the average hepatic triglyceride
increase was eightfold. Only a minimal effect was
observed when the ethanol dose was reduced
to 20%o of total calories.

3. In rats given liquid diets, isocaloric replace-
ment of ethanol by fat did not produce hepatic
steatosis, demonstrating that the capacity of
ethanol for generating fatty livers is greater than
that of fat itself. No fatty liver developed when
sucrose (to the extent of 18 or 36%o of total cal-
ories) was omitted from the control diet, indicat-
ing that the steatosis observed with isocaloric
substitution of sucrose by ethanol was not simply
due to a lack of carbohydrate calories.

4. Rats fed the ethanol-containing diet had less
total body weight gains than the controls, indi-
cating that ethanol supports growth less well
than sucrose. The livers of the ethanol-fed rats
were heavier, however, largely due to fat accumu-
lation.
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