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Effects of prolonged ethanol intake and
malnutrition on rat pancreas

JM L6pez, J A Bombi, R Valderrama, A Gimenez, A Pares, J Caballeria, S Imperial,
S Navarro

Abstract
Nutritional factors, especially the protein
and fat content of the diet, may change
pancreatic morphology after ethanol
induced injury. This study was performed
to delineate the combined effects of a low
fat diet and longterm ethanol ingestion on
the rat pancreas. Male Sprague-Dawley
rats were maintained with five different
diets for 12 weeks and the pancreas
removed on the day they were killed. Rats
fed a very low fat diet without ethanol (5%
of total calories as lipid) developed mal-
nutrition, pancreatic steatosis, and reduc-
tion in zymogen granules content.
Animals fed a 35% lipid diet with ethanol
also developed pancreatic steatosis but
changes in zymogen granules content
were not detected. Both malnutrition and
longterm ethanol consumption increased
pancreatic cholesterol ester content, and
their effects were additive. Pancreatic
steatosis was accompanied with hyper-
cholesterolaemia. Amylase, lipase, and
cholesterol esterase content were reduced
in malnourished rats; but longterm
ethanol ingestion, regardless of the nutri-
tional state, increased lipase content and
decreased amylase. It is suggested that
high serum cholesterol concentrations
and increased pancreatic lipase activity
could cause accumulation of cholesterol
esters in acinar cells. Fat accumulation
in the pancreas has been reported as
the earliest histopathological feature in
alcoholic patients and may be responsible
for cytotoxic effects on the acinar cells at
the level ofthe cell membrane. Although it
is difficult to extrapolate results in this
animal study to the human situation, the
results presented in this work might
explain the higher incidence of pancreati-
tis is malnourished populations as well as
in alcoholic subjects that is reported in
dietary surveys.
(Gut 1996; 38: 285-292)
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The role of nutrition in the pathogenesis of
alcoholic pancreatitis remains controversial,
because dietary surveys in different countries
have produced conflicting results. In Europe,
North and Latin America, South Africa, and
Japan, chronic pancreatitis is mostly seen in
male patients drinking more than 100 ml pure
alcohol per day and having a high fat and
high protein diet.1 2 In contrast, alcoholic

pancreatitis has been reported to occur in mal-
nourished subjects3 and calcifying pancreatitis
(in the absence of alcoholism) is common in
tropical areas: India, Africa, and South East
Asia, where malnutrition is prevalent.4 The
possible causes for tropical pancreatitis that
have been most commonly suggested are
kwashiorkor (protein insufficiency in child-
hood)5 6 and cassava consumption.7 In addi-
tion, rats fed protein deficient diets develop
pancreatic steatosis, acinar cell atrophy, and a
diminution in the number of zymogen gran-
ules.8-10 It is not clear, however, whether pro-
tein malnutrition is the sole aetiological factor.
There are many parts of India where protein
intake is low but pancreatitis does not occur. In
the South Indian State of Kerala, which has the
highest known frequency of chronic pancreati-
tis, the diet is characterised by a moderately
low protein intake and a very low fat intake."l
There might be some mechanism common
with the alcoholic form of chronic pancreatitis,
inasmuch as the biochemical composition of
Indian and European calculi is similar.'2 The
purpose of this study was to examine the com-
bined effects of longterm alcohol intake and
very low fat ingestion on rat pancreatic
morphology using a liquid diet feeding model
for strict nutritional control. In addition, as fat
accumulation in acinar cells has been reported
to be the earliest histopathological feature in
the pancreas of alcoholic patients'3 and in
experimental animals'4 15 pancreatic lipid
composition was also analysed in the rats.

Methods

Animals and experimental diets
Male rats of Sprague-Dawley strain (Charles
River Breeding Laboratories, Wilmington,
MA) were maintained with A04 PANLAB
solid diet and tap water until they reached a
weight of 200-250 g. The animals were then
divided in five groups, housed in individual
cages, and fed for 12 weeks the following diets:

Solid diet - A04 PANLAB diet ad libitum
(group A, n= 1 1).

Liquid diets - 35% lipid diet without ethanol
(group B, n=7), 35% lipid diet with ethanol
(group C, n=7), 50/o lipid diet without ethanol
(group D, n=7), and 50/o lipid diet with
ethanol (group E, n=7).

Table I gives the compositions of these diets.
Dietary composition of liquid diets was based
on the general formulation of Lieber and
De Carli.'6 Energy density was 1000 kcalIl.
Diets were supplemented with regular
amounts of vitamins and minerals as described
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TABLE I Dietary composition (per cent of total energy)

Diet Protein Lipid Carbohydrate Ethanol

Ad libitum (A) 30 12 58 0
Control 35% of lipids (B) 18 35 47 0
Alcoholic 35% of lipids (C) 18 35 11 36
Control 5% of lipids (D) 18
Alcoholic 5% of lipids (E) 18
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tissue contamination. Blood was collected
from all animals via cardiac puncture and
serum aliquots were frozen at - 20°C.

5 77 0 Pancreatic juice collection
5 41 36 Pancreatic juice from male Sprague-Dawley

rats (500 g of body weight) maintained with
A04 PANLAB solid diet and tap water was col-

o Groups B and C lected. The common bile duct was cannulated

* Group D
close to the duodenum and the duct was ligated

*Group
at the hepatic hilum. Pancreatic secretion was

p<O.05 stimulated by sequential administration of
secretin (4 U/kg bw) and cholecystokinin
(CCK) (4 U/kg bw) the jugular vein for

minutes using an infusion pump (0.5 ml/min).
IF Pancreatic juice was collected on ice for two

hours. Human pancreatic juice was collected
without previous stimulation of pancreatic
secretion by catheterisation of the pancreatic

3 6 9 12 auct from patients after either gastric or colonic
Time (weeks) surgery. To prevent proteolysis, proteinaseTaiycaorcintakeover(thweekspinhibitors (aprotinin 35 pug/ml, 2 mnM benzami-:Daily caloric intake over the 12 week period. dn,ad5M -mncpocai)wr

re mean (SD) offindings in seven rats of each die, and 5 mM e-amiocaproic acid) were

he p value shown on the graph was determined added to rat and human pancreatic juices,
Newman-Keuls test. which were then lyophilised and stored at

-700C.

previously.16 In group C ethanol was given as

3% concentration (w/v) on the first two days,
4% (w/v) on the third and fourth days, and 5%
(w/v) thereafter. These animals were rate limit-
ing and had the lowest spontaneous food
intake in the first three weeks. The amounts of
liquid diet given to the other animals were

accordingly adjusted each day so that each
animal received the same amount of liquid diet
over the feeding period. On the day before
death, animals received their liquid diets in
divided portions. Administration of diets in
divided portions was necessary to ensure equal
rates of food consumption before death. Rats
fed 35% lipid diet without ethanol (group B)
tended to consume their diet during the three
to 12 hours after administration. In contrast,
the animals fed the other diets consumed them
throughout a 24 hour feeding period. Accord-
ingly, on the day before death, animals
received half of their usual portion at 1200 and
the remaining half at 1800. On the following
morning they were killed under ether anaes-

thesia by exsanguination via a cardiac punc-
ture. The pancreas was quickly removed,
trimmed of adipose tissue, and weighed. Small
samples were taken for light and electron
microscopy and the rest of the gland was
frozen immediately at -70°C. Light micro-
scopic examination of the debrided pancreas
showed no evidence of adipose or connective

SDS-PAGE and western blot analysis
SDS-PAGE was performed according to the
method of Laemmli. 17 Gels were either stained
with 0.1% (w/v) Coomassie Brilliant Blue
or capillary transferred to nitrocellulose mem-
branes. Immunodetection in nitrocellulose
replicas was done with a rabbit polyclonal anti-
serum against human cholesterol esterase (pAs
L64) diluted 1/100 in 1% bovine serum albu-
min, and antirabbit IgG peroxidate conjugate
(Sigma) diluted 1/10 000 in 1% bovine serum
albumin. Development was performed with 4-
Chloro-1-Naphthol (0.5 mg/ml) in phosphate
buffered saline pH 7.2 (PBS), 15% methanol,
0 01% hydrogen peroxide (v/v) for 20 minutes.
Membranes were washed with distilled water,
dried, and stored in the dark.

Morphological studies
Samples from the duodenal portion of the
pancreas were removed at the time of death
and fixed in 2.5% glutaraldehyde solution (pH
7.4) at 4°C for 12 hours for ultrastructural
study. The tissue was postfixed in 2% OS04
and embedded in epoxy resin after dehydra-
tion. Thin sections (1 Kxm) were stained with
Richardson dye solution. After uranyl acetate
and lead citrate staining, ultrathin sections (60
nm) were examined using a Zeiss 109 Turbo

TABLE II Effect of thefive diets on body weight, weight change, pancreatic weights, and pancreatic protein content*

Ad libitum Control Alcoholic Control Alcoholic
(A) 35% lipids (B) 35% lipids (C) 50% lipids (D) 5% lipids (E)

Initial weight (g) 190.3 (4.4) 263-0 (19-2) 251-0 (10-4) 258-1 (7.0) 256-8 (806)
Final weight (g)t 510-8 (32.3) 389-8 (33-1) 404.4 (32.7) 173-0 (9.5) 161-6 (17-0)
Weightchange (%)t +168-3 (13-7) +48-8 (14-2) +61-1 (10-7) -32-9 (3.8) -37-1 (5.8)
Pancreatic weight (g)t 1-15 (0-13) 1.01 (0-16) 0.97 (0-17) 0-51 (0 10) 0.57 (0-16)
Pancreatic weight (g/100 g body weight)* 0-23 (0.03) 0-26 (0.03) 0-24 (0.04) 0-29 (0.08) 0.35 (0.08)
Pancreatic protein content (mglg)t 201-3 (13-0) 189-7 (8.6) 190-4 (11-2) 146-7 (19-0) 156-3 (14-2)

*Values are mean (SD) for 11 animals of group A and seven animals of groups B, C, D, E.
tMalnutrition effect: B-D, C-E, p<005. tEthanol effect: D-E, p<0-05; malnutrition effect: C-E, p<0-05.
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TABLEPin Effect of the five diets 0o1 sernm albumin, cholesterol, triglt,c7-ides, and amvz^lase vallcs*

Ad libituiiit Conltrol Alcoholic Control Alcolholic
(A) 35%o lipids (B) 35% lipids (C) 5% lipids (D) 5% lipids (E)

Albumin (gil)t 36.7 (1.3) 33.1 (2.3) 30.9 (1.8) 27.0 (293) 27.7 (3.6)
Cholesterol (mg/dl)t 51.9 (10.7) 70.1 (6.9) 122.7 (27.7) 90 4 (17.4) 115.9 (21.1)
Triglycerides (mg/dl)5 70(2 (16.2) 48.9 (13.5) 105.4 (64 2) 42.3 (14.3) 32 6 (9.9)
Amylase (U/1) 4249 (446) 5421 (391) 5550 (607) 4031 (635) 4633 (357)

*Values are mean (SD) for 11 animals of group A and sexven animals of groups B, C, D, E.
tMNlalnutrition effect: B-D, C-E, p<0 05; solid diet effect A-B, p<0 05.
tEthanol effect: B-C, D-E, p<0 05; malnutrition effect: B-D, p<0 05; solid diet effect: A-B, p0005.
(Ethanol effect: B-C, p<0 05; malnutrition effect: C-E, p<0 05.
Mlalnutrition effect: B-D, C-E, p<0 05; solid diet effect: A-B, p<0 05.

electron microscope. For light microscopy,
other sections of the pancreas were fixed in
10% buffered formalin (pH 7.4), processed in
paraffin wax, and stained with haematoxylin
and eosin.

Biochem;zical m)ieasuremenits
Albumin, tryglyceride, cholesterol, and amylase
values in serum were measured by the methods
of Doumas et al,18 Fossati and Precipe, 19 Allain
et al,20 and Sarber et al,21 respectively. Amylase
and lipase activities were assayed in
homogenised tissue by the methods of Sarber et
al 21 and Ziegenhorn et al,22 respectively.
Protein was determined as described by Lowry
et al 93 using bovine serum albumin as the stan-
dard. Pancreatic lipids were extracted accord-
ing to the method of Folch et al.24 Lipids were
separated by thin layer chromatography on
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silica gel 60 F154 20X20 cm of 0.25 mm thick-
ness (Merck) with a solvent mixture of petro-
leum ether-diethyl ether-glacial acetic acid
(85:15:1 v/v/v). Measured amounts of stan-
dards for each lipid class were mixed together
and spotted besides the sample. Lipid bands on
the plate were detected by iodine vapours and
scraped off from the plate after the brown
colour had faded. Silica gels were extracted
with chloroform for analysis of free and esteri-
fied cholesterol, with chloroform-methanol
(2:1 v/v) for triglycerides, and with chloroform-
methanol-ammonium hydroxide (65:35:5
v/v/v) for phospholipids. Triglycerides were
determined by the method described by Fossati
and Precipe, 19 free and ester cholesterol by
the o-phthalaldehyde method,$ and phospho-
lipid phosphorus according to Fiske and
Subbarow.26

Statistical anialysis
Data were expressed as means (SD) and were
analysed by analysis of variance (ANOVA). In
parameters found to be significant by ANOVA,
group means were compared using the
Newman-Keuls test. Values of p<0K05 were
considered to be statistically significant. An
effect of solid diet was considered to be present
when analysis showed that animals fed a A04
PANLAB solid diet (group A) were different
from those fed a liquid diet with 350 o lipids
(group B). An ethanol effect was considered to

A B C D E be present when animals fed a 350 o lipid diet
with ethanol (group C) were different from
those fed a control diet (group B) or when
animals fed a 5% lipid alcoholic diet (group E)
were different from those fed a 5% lipid diet
without ethanol (group D). A malnutrition
effect was considered to be present when
animals fed a 50 0 lipid diet (group D) were dif-
ferent from those fed a 350/0 lipid diet (group
B) or when animals fed a 50 0 lipid alcoholic
diet (group E) were different from those fed a
350 0 lipid alcoholic diet (group C).

0.5

0 ~ ~ ~
A B c D E

Figlure 2: Znmogen granuiiles anid lipid droplets in panicr^eatic
tissue. (A) Effect of the five diets onl zymogen gran1ules
conltenit in the panicreas. (B) Effect of the five diets on lipid
droplets conztenit ini the panicreas. Zvmnogen granules anid
lipid droplets were deterniinedfrom thin sections (1 [inm) of
pancreatic tissuie anzd graded as follows: zvmogen granuiiles:
+ (1), +/+ + (1 5), + + (2), + + + (3). Lipid droplets:
-(°), -/+(0-5), + (1), +/++(15), ++(2), +++(3).
Numeric values (in parenthesis) are giveni to facilitate the
evaluiationz of the data. Results are nieani offindings in
sevenl rats of each group.

Results
Animals fed a solid diet (group A) and 350 0
lipid diets (groups B and C) seemed healthy
and increased their body weight over the feed-
ing period. In contrast, those fed 5%) lipid diets
(groups D and E) lost weight and exhibited
hair loss. Animals fed liquid diets received the
same number of calories over the three week
period, but after the third week rats fed a 50 0
lipid diet tended to consume less calories per
day than those receiving a 350 0 lipid diet (Fig
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Figure 3: Epoxy resin thin sections ofpancreatic acinar cells showing accumulation of lipid
droplets in the pancreas of rats fed the 35% lipid diet with ethanol (B) compared with

animals fed the 35% lipid diet without ethanol (A). Lipid droplets accumulation and

pronounced reduction of zymogen granules were seen in rats fed the 5% lipid diet without

ethanol (C) or the 5% lipid diet with ethanol (D). Richardson blue stain (X 1500).

1). Final body weight and absolute pancreatic

weight were decreased in animals fed 5% lipid

diets (Table II). WVhen corrected for differ-

ences in body weight, however, a stimulatory

effect of alcohol feeding on pancreatic weight

became apparent in group E. Pancreatic pro-

tein content of rats fed the 5% lipid diets was

only 75-80% of the values seen in the animals

fed the 35% lipid diets.

Serum measurements

Albumin values for animals fed the 5% lipid

diets (groups D and E) were less than 31 g/l,

reflecting the malnutrition process induced in

these groups, whereas values for the rest of the

animals were between 29 and 39 gIl.

Longterm ethanol feeding, regardless of the

lipidic content of the diet, increased serum

cholesterol concentrations (Table III).

Animals fed the 5% lipid diet without ethanol

had higher cholesterol concentrations than

those which received the 35% lipid diet

without ethanol (malnutrition effect). Serum

concentrations of triglycerides were the
highest in alcoholic rats fed a 35% lipid diet
(group C) with a wider standard deviation.
Amylase values in rats fed the 35% lipid
diets were higher than those in the other
groups.

Pancreatic morphology
Light microscopy - none of the animals devel-

oped morphological evidence of pancreatitis,
such as fibrosis, protein plugs, or focal collec-
tion of inflammatory cells. Figure 2 sum-
marises the determination of lipid droplets and
zimogen granules in the five groups of animals.
Pancreatic acinar cells of rats fed the 35% lipid
diet without ethanol (group B) showed a
normal morphology (Fig 3A), whereas animals
fed the 35% lipid diet with ethanol (group C)
showed lipid droplets accumulation (Fig 3B).
Malnutrition (groups D and E) induced
accumulation of lipid droplets in acinar cells
being more striking in the alcoholic group (E)
(Fig 3C, D). A pronounced reduction in the
number of zymogen granules was seen in
sections of both malnourished groups (D and
E) compared with groups B and C.

Electron microscopy - on electron microscopic
examination, intracellular fat droplets were
also seen in the acinar cells of animals fed a
35% lipid diet with ethanol (group C) and in
those fed the low fat diets (groups D and E)
(Fig 4). Fat droplets were located in the basal
pole of the acinar cells. No changes were
apparent in the mitochondria or in the endo-
plasmic reticulum. No fat droplets were seen in
sections from animals fed a solid diet (group
A) or a 35% lipid diet without ethanol (group
B) (Fig 4A). Also at the ultrastructural level,
diminution in the number ofzymogen granules
was seen in tissue from malnourished animals
in agreement with findings from light
microscopy (Fig 4C, D).

Pancreatic lipid content
Both malnutrition and prolonged ethanol
administration were associated with higher
values of pancreatic cholesterol ester, and
these effects seemed to be additive, with the
animals fed the 5% lipid diet plus ethanol
exhibiting the highest values (Table IV). In
addition, malnutrition was associated with
higher concentrations of phospholipids. No
significant differences were seen in cholesterol
and triglycerides values. The number of lipid
droplets measured from thin sections showed a
clear correspondence with cholesterol ester
content in the pancreas (Fig 5).

Amylase and lipase activities
Both amylase and lipase activities (expressed as
U/mg protein or as U/g pancreas) were
reduced in rats fed the 5% lipid diets (mal-
nourished animals). On the other hand,
longterm ethanol feeding, regardless of the
lipid content of the diets, caused decreased
amylase activity and increased lipase activity
(Table V).
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Figure 4: Electronmicrographs of rat pancreatic cells. (A) 35% lipid diet without ethanol.
(B) 35% lipid diet with ethanol. (C) 5% lipid diet without ethanol. (D) 5% lipid diet with
ethanol. Lipid droplets are located at the basal pole of the acinar cells. In (D) an endocrine
cell (arrow) with normal morphology is shown next to an acinar cell with multiple fat
droplets. Uranyl acetate and lead citrate staining (X 9000).

Amylase, lipase, and cholesterol esterase content
Figure 6 illustrates the qualitative distribution
of pancreatic proteins in the five groups of rats.
Animals fed the 5% lipid diet (groups D and E,
Fig 6D, E) showed a decreased amylase and
lipase content than rats fed the 35% lipid diet
(groups B and C, Fig 6B, C). Ethanol feeding
(groups C and E) produced a decrease of
amylase and an increase of lipase content in rat
pancreas with regard to control animals
(groups B and D, respectively). No differences
were seen in the banding pattern of rats fed the
solid diet (group A) and the 35% lipid diet

without ethanol (group B) (Fig 6A, B). These
results are in agreement with the amylase and
lipase activities measured in the five groups

(Table V).
Cholesterol esterase content was determined

in rat pancreatic extracts by western blot
analysis. Polyclonal antiserum (pAs L64)
against human cholesterol esterase showed
cross reaction with rat cholesterol esterase in
nitrocellulose blots of pancreatic juices (Fig 7,
right). Human cholesterol esterase showed an
immunostained band at approximately Mr 100
000 and rat cholesterol esterase at Mr 69 000.
Both proteins are visible in the Coomassie
stained counterpart (Fig 7, left). Nitrocellulose
blots of pancreatic extracts of malnourished
rats (groups D and E) (Fig 8E, F) showed a

cholesterol esterase band (69 kDa) less stained
than that of the animals fed the 35%/o lipid diets
(groups B and C) (Fig 8G, H).

Discussion
This study was conducted in Sprague-Dawley
rats to investigate the combined effects of a low
fat diet and prolonged ethanol ingestion on rat
pancreas. Administration of a liquid diet for 12
weeks providing 5% of the chemical energy as
fat, 18% as protein, and 77% as carbohydrates
resulted in a pronounced malnutrition of the
rats, which was evident after three weeks of
feeding (reduction in -27% of the initial body
weight). Malnutrition seen could be caused by
a deficiency of essential fatty acids in the diet.
It has been described that insufficient linoleic
acid intake induces growth reduction and skin
lessions on the rat.27 28 Previous studies in rats
feeding 5% lipid diets did not show a malnutri-
tion effect.29 30 These differences could be
explained by variations in the essential fatty
acid content of the diets. In the 5% lipid diet
given in our study, linoleic acid and linolenic
acid represented 1.1% and 0.4% of total
calories, respectively.31 In general, values of
essential fatty acids below 3% of total calories
are considered to be deficient.28 32 There is no
evidence of essential fatty acid deficiency
causing pancreatitis in the human, but experi-
mental studies have suggested a decreased
resistance of the pancreas to injury by trypsin
or bile ingestion.33 The potential role of essen-
tial fatty acid deficiency in pancreatic injury is
a new concept that needs further study.

Administration of 5% lipid diets (groups D
and E) resulted in a pronounced accumulation
of lipid droplets and a diminution in the
number of zymogen granules in pancreatic
acinar cells. Those morphological changes were
confirmed by biochemical measurements in the

TABLE IV Effect of the five diets on the lipid composition ofpancreatic tissue in Sprague-Dawley rats*

Ad libitum Control Alcoholic Control Alcoholic
(A) 35% lipids (B) 35% lipids (C) 5% lipids (D) 5% lipids (E)

Cholesterol esterst 0-37 (0 10) 0 46 (0-13) 1-96 (0.44) 3.57 (1-52) 6-59 (1-34)
Triglycerides 1-89 (1-43) 1-45 (1-12) 2-33 (1.67) 1.25 (0.70) 2.72 (1-81)
Cholesterol 1.11 (0.17) 1.15 (0.34) 1-16 (0 31) 1.11 (0.27) 1.13 (0.10)
Phospholipids* 15-73 (2.73) 16-48 (3.38) 14 53 (3.16) 19 69 (2 07) 19.42 (4.78)

*Values are mean (SD) for 11 animals of group A and seven animals of groups B, C, D, E.
tEthanol effect: B-C, D-E, p<005; malnutrition effect: B-D, C-E.
tMalnutrition effect: C-E, p<005.
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Figure 5: Correlation of the acinar lipid droplets,
determined by light microscopy study, and the cholesterol
ester content in rat pancreas.

pancreas, and the number of lipid droplets
showed a clear correspondence with the con-

tent of cholesterol esters (Fig 5). Malnutrition
decreased lipase and amylase activities in pan-
creatic tissue, while ethanol administration
increased lipase activity and decreased amylase
activity. Low amylase activities in alcoholic rats
(Table V) agrees with previously published
reports34 and represents an adaptation to the
low carbohydrate content of alcoholic diets.
Moreover, it has been described that ethanol
feeding, regardless of the carbohydrate compo-
sition of the diets also causes pancreatic amy-
lase reduction.35 The increased lipase activity
in alcoholic rats could represent a metabolic
adaptation to longterm ethanol ingestion,
because pancreatic lipase is able to metabolise
ethanol through a non-oxidative pathway.36
The differences seen in enzymatic activities

were confirmed after qualitative analysis of
pancreatic proteins in SDS-PAGE stained with
Coomassie Brilliant blue (Fig 6). Western blot
analysis showed that pancreatic cholesterol
esterase was decreased in malnourished rats
(Fig 8) in agreement with a reduction in the
number of zymogen granules seen in the
morphological study.

Cholesterol ester accumulation in acinar
cells has been reported in rats fed a 35% lipid
diet with ethanol for three weeks'4 and for 21
months.15 Moreover, rats fed a protein defi-
cient diet for four weeks developed pancreatic
steatosis with a high level of cholesterol esters
in the pancreas.'0 This study shows, for the
first time, that administration of a very low fat
diet for 12 weeks induces cholesterol ester
deposition in the rat pancreas and that this
effect is increased by ethanol feeding.
Pancreatic phospholipids were also increased
in malnourished animals but an ethanol effect
was not seen. It seems probable that the lipid

CE

A
g- L

PCP

4- SP

Figure 6: SDS-PAGE of rat pancreatic tissue. Rat
pancreas was homogenised in 500 ,l ofphosphate buffered
salinepH 7-2 with proteinase inhibitors (aprotinin 14
,ug/ml, 1 mM benzamidine, 0-2 mM PMSF), and spun at
12 000 gfor 15 minutes at 4°C. The supernatant was
collected and samples (32 ,ug ofprotein) were analysed on
12% polyacrylamide gel stained with Coomassie: (a) rat
pancreas ofgroup A, (b) rat pancreas ofgroup B, (c) rat
pancreas ofgroup C, (d) rat pancreas ofgroup D, (e) rat
pancreas ofgroup E. Secretory proteins from rat pancreatic
juice (18 ,ug ofprotein) were separated by SDS-PAGE
and used as markers CD. Cholesterol esterase, amylase,
lipase, procarboxypeptidases, and serine proteases are
shown as CE, A, L, PCP, and SP, respectively.

droplets seen on microscopy result from the
increases in cholesterol esters (Fig 5). The bio-
chemical nature of the lipid droplets remains to
be established, however, and subcellular frac-
tionation might clarify at which site cholesterol
esters accumulate. It is known that changes in

cholesterol ester content cause membrane per-
turbations and change permeability of model
membranes.37 Many functions of the pancre-
atic acinar cell (including digestive enzyme

synthesis, transport, storage, and secretion) are

dependent upon the intact functioning of cel-
lular membranes. The mechanism of choles-
terol ester accumulation in acinar cells of
alcoholic or malnourished rats is unknown.
Wilson et al suggested that longterm ethanol
feeding would cause pancreatic cholesterol
ester accumulation by affecting exchange of
cholesterol between serum and pancreatic
tissue,38 and it is well known that cholesterol
uptake by the cell stimulates acyl-CoA choles-
terol-acyltransferase (ACAT) activity produc-
ing cholesterol ester.39 40 This proposed
mechanism is in agreement with our data,
because serum cholesterol concentrations of
rats with pancreatic steatosis (groups C, D,
and E) were higher than those in rats with
normal pancreatic morphology (groups A and
B) (Table IV).

TABLE V Effect of the five diets on amylase and lipase activity in pancreatic tissue*

Ad libitum Control Alcoholic Control Alcoholic
(A) 35% lipids (B) 35% lipids (C) 5% lipids (D) 50% lipids (E)

Amylase
(U/mg rotein)t 108-5 (14-5) 79-2 (14-8) 15-3 (2.9) 8-5 (5.4) 2-9 (1-3)
(UX1O /gpancreas)t 219-1 (35.4) 150-5 (29.9) 29-4 (6.7) 12-9 (8.9) 4-5 (2.0)

Lipase
(U/mg protein)t 32-8 (7.0) 32-1 (2.8) 55-3 (8.6) 9-5 (2.5) 20-4 (6.5)
(UX102/gpancreas)* 65-8 (12.9) 61.1 (6.1) 105 5 (16.5) 14.0 (4-1) 31-7 (9.4)

*Values are mean (SD) for 11 animals of group A and seven animals of groups B, C, D, E.
tEthanol effect: B-C, p<005; malnutrition effect: B-D, p<005; solid diet effect: A-B, p<005.
tEthanol effect: B-C, D-E, p<0-05; malnutrition effect: B-D, C-E, p<005.
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Figure 7:. (Left), SDS-PAGE ofhuman and rat
pancreatic juices. Samples were collected as described in
methods, lyophilised, resuspended in phosphate buffered
saline pH 7.2 and analysed on 12% polyacrylamide gel
stained with Coomassie: (a) rat pancreatic juice (19 pg of
protein) (b) human pancreatic juice (32 p£g ofprotein), (c)
molecular weight markers. (Right), nitrocellulose replica of
the same samples immunostained with pAs L64: (d) rat
pancreatic juice, (e) human pancreatic juice.

Additional factors other than hypercholes-
terolaemia might also determine cholesterol
ester deposition in acinar cells because their
accumulation is not well correlated with serum
cholesterol values (Table III, Table IV) and
steatosis in alcoholic rats is also present with-
out hypercholesterolaemia as has been
reported by Tsukamoto et al.30 One such factor
could be the metabolism of ethanol inside
acinar cells inducing cholesterol ester forma-
tion. The pancreas metabolises ethanol
through a non-oxidative pathway to form fatty
acid ethyl esters, the esterification products of
ethanol with various fatty acids.41l43 In addi-
tion, intracellular hydrolysis of fatty acid ethyl
esters releases free fatty acids, which are pref-
erentially incorporated into cellular cholesterol
esters by ACAT.44 Pancreatic lipase has been
shown to synthesise fatty acid ethyl esters.36
Therefore increased lipase activity in alcoholic
rats (Table V) could be an additional factor
responsible for accumulation of cholesterol
esters. Recently, ACAT has been cloned and
northern blot analyses in human tissues
showed the highest values of transcripts in the
pancreas.45 This finding emphasises the
importance of ACAT in lipid deposition in
acinar cells.
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Figure 9: Modelfor cholesterol ester deposition in acinar
cells. Longterm ethanol intake or malnutrition, or both,
causes increased serum cholesterol concentrations
(hypercholesterolaemia). Cholesterol uptake by pancreatic
acinar cells stimulates ACAT activity promoting cholesterol
ester accumulation (lower pathway). On the other hand,
ethanol is metabolised intracellularly by a non-oxidative
pathway mediated by lipase. Fatty acid ethyl esters
(FAEE) formed are hydrolysed to free fatty acids (FA),
which are preferentially incorporated into cellular cholesterol
esters by ACAT (upper pathway). Stimulation ofACAT
activity by FAEE is suggested.

Based on our data and previous studies38 44
we propose two related pathways for choles-
terol ester accumulation in the acinar cell (Fig
9): (a) hypercholesterolaemia, induced by mal-
nutrition or longterm ethanol feeding, would
cause increased cholesterol concentrations
inside acinar cells producing ACAT stimula-
tion and (b) esterification of free fatty acid with
ethanol by a non-oxidative pathway mediated
by lipase would induce incorporation of fatty
acids into cholesterol esters. Further studies
are necessary to prove these hypotheses, which
could explain the development of pancreatic
steatosis in the rat.
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