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Acute hemorrhagic pancreatic necrosis (AHPN) is in-
duced in young female mice fed for 4 days a choline-de-
ficient diet containing diet 0.5% DL-ethionine (CDE).
Contrary to females, male mice do not develop AHPN
when fed the same diet. For determination of whether
estrogens are involved in the induction of AHPN,

PANCREATITIS and various alterations in pancre-
atic functions have been reported to occur with estro-
gen therapy.1`3 However, there is no experimental
evidence that directly assesses the role that estrogens
might play in the pathogenesis of pancreatitis. Pre-
viously we showed that feeding a choline-deficient
diet containing 0.5% DL-ethionine (CDE) to mice
results in pancreatitis, the induction and severity of
which is conditioned by several factors. These in-
clude the sex of the animals and the choline content
of the diet.4'5 Indeed, a fatal acute hemorrhagic pan-
creatitis with fat necrosis (AHPN) develops in 10007
of young female mice fed the CDE diet for 4 days.
However, when the animals are fed a choline-supple-
mented diet or an unpurified diet both containing
0.5% DL-ethionine, the incidence of AHPN is only
1007o.5 On the other hand, when the same diets are
fed to male mice, a chronic, nonhemorrhagic and
nonfatal pancreatitis is induced, which is character-
ized, at worst, by focal necrosis and atrophy of
acinar cells.4'5 Thus, the sex of the animals and the
choline content of the diet appear to be critical fac-
tors in the induction ofAHPN by this dietary model.5
Therefore, male mice fed a CDE diet seemed to be a
good experimental system with which to test whether
estrogens mediate or are otherwise involved in deter-
mining the severity of the pancreatic disease that
develops in female mice. For this reason, we fed a
CDE diet to estrogen-treated and untreated male
mice and compared the severity of the pancreatic dis-
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estradiol-treated male mice were fed the CDE diet. In
such estrogen-treated male mice, the mortality rate, in-
cidence of AHPN, and alterations in biochemical
parameters of the pancreas and of serum were similar
to those induced by the CDE diet in females. (Am J
Pathol 1982, 109:8-14)

ease elicited. The results of these studies are the sub-
ject of the present communication.

Material and Methods

Experimental Design

Two experiments were performed, and their basic
design is shown schematically in Figure 1. We per-
formed the first experiment to determine the incidence
of, and rate of mortality from, AHPN in estrogen-
treated male mice fed the CDE diet. We performed
the second experiment to evaluate the effects of the
diet and of estrogen treatment on biochemical param-
eters of pancreas and serum, as well as on the severity
of the elicited pancreatic histopathologic changes.

Animals and Diets

Male mice, 24 days old and 34-day-old female mice
(Hill-Top Laboratory Animals, Inc., Scottdale, Pa)
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were used. The animals were fed an unpurified diet6
(Laboratory Chow, Ralston Purina Co., St. Louis,
Mo) for an adjustment period of 3 days before be-
ginning any treatment, and had access to feed and
water ad libitum throughout the period of study. The
following purified diets were used: CS, choline sup-
plemented; CD, choline deficient; CSE, CS plus
0.5% DL-ethionine; and CDE, CD, plus 0.5% DL-
ethionine. CDE is the experimental diet, and CD its
control. The CS diet was used to assess any effect that
choline deficiency per se might have in the model,
and the CSE diet to assess the effect of ethionine
alone. Preparation of the diets and housing of the
animals were as reported previously.78

Estrogen Treatment of Male Mice

The animals were anesthetized with halothane, and
a small incision was made in the skin overlying the
vertebral column. A Silastic capsule (2 mm inside
diameter/2 cm length) containing estradiol or a con-
trol capsule without hormone was implanted under
the skin. The wound was closed with stainless steel
staples, and the animals were returned to their cages.
The animals were maintained on laboratory chow for
the next 7 days. During this period, all mice were free
of infection and showed no sign of discomfort. Estra-
diol capsules were prepared as previously described.9
Each capsule was filled with 0.063 ml of a solution of
estradiol (300,g/ml) in peanut oil.

First Experiment

Groups of 10 female mice, 10 non-estrogen-treated
male mice, and 10 estrogen-treated male mice were
fed the CDE diet up to the time of death or sacrifice
(Figure 1). The animals were observed daily, and au-
topsies or necropsies were performed immediately
after death. At necropsy, the gross appearance of the
abdominal organs was noted, and representative
pieces of pancreas and of abdominal fat tissues were
taken and processed for histologic examination as re-
ported previously.4

Second Experiment

Non-estrogen-treated and estrogen-treated male
mice were divided into 4 groups, and each pair of
groups was fed, for 3 days, one of the purified diets
(Figure 1). The mice were sacrificed either by decapi-
tation or by exsanguination through the retroorbital
plexus. The collected blood was used to obtain serum
for analysis. The abdominal cavity was opened, and
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Figure 1-Experimental design. LC, Laboratory Chow; CS, choline-
supplemented; CD, choline-deficient; CSE, choline-supplemented
ethionine; and CDE, cholinedeficient ethionine.

the gross appearance of the pancreases and of the in-
traabdominal fat tissues was noted. The pancreases
were removed, weighed, and chilled on ice. In one ex-
periment, a piece of pancreas was taken and processed
for histologic examination. Pancreatitis was scored
blindly from 1 + to 4 +. The scoring was performed
as follows: 1 +, decrease in the basophilia of the
cytoplasm of the acinar cells; 2+, vacuolation of
the acinar cells; 3 +, lobular necrosis of the paren-
chyma; and 4+, massive hemorrhagic necrosis. In-
termediate stages were also scored. Pancreatic tissue
remaining (about 80%) after sampling for histologic
examination or whole pancreases, were homogenized
without delay in preparation for biochemical
analyses as described below. All enzyme assays, ex-
cept those of trypsinogen, were performed without
delay.

Determination of Amylase, Cathepsin B,
Trypsinogen, and Trypsin

We pooled pancreas remnants of 2 mice from each
group in order to have sufficient tissue to perform all
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the analyses. We homogenized the pooled tissue in 9
volumes of 0.25 M sucrose with a Potter-Elvejhem
glass homogenizer and a Teflon pestle, at 1500 rpm,
using three up-and-down strokes. One aliquot of the
homogenate was diluted 200-fold with a 20 mM
phosphate buffer, pH 6.9, containing 6 mM NaCl.
One hundred to two hundred microliters of the di-
luted homogenates were used to determine amylase.7
Three hundred microliters of nondiluted homogenates
were used to determine10 cathepsin B, using a-N-
benzoyl-DL-arginine-p-naphthylamine HCl (BANA)
as the substrate. Units of enzyme activities were as
follows: amylase, milligrams of maltose released per
minute, and cathepsin B, nanomoles of BANA hy-
drolyzed per minute. As in previous communications
from this laboratory, the results were expressed as
units per pancreas, rather than units per milligram
protein, in view of the marked changes, caused by the
CDE diet, in the weight and protein content of the
pancreas. Similarly, with the onset of pancreatitis
and of acinar cell necrosis, expression of results as
units per milligram DNA would not be reliable.
The pancreases were homogenized in 9 volumes of

0.1 M Tris-HCl buffer, pH 8.5, containing 0.1%
Triton-X-100 and 0.9% NaCl. The homogenates
were diluted 10-fold with the same buffer, and ali-
quots of the diluted homogenates were mixed with
equal volumes of a 0.057o enterokinase solution in
0.1 M Tris-HCl buffer (pH 7.8) containing 0.1 M
CaC12. The homogenates were activated for 2 hours
at 37 C and were then used for determination7 of
trypsin, with p-toluenesulfonyl-L-arginine methyl
ester hydrochloride (TAME) as the substrate. Units
of trypsin activity were expressed as nanomoles of
TAME hydrolyzed per minute, and the results were
expressed again as units per pancreas.

Serum Analyses

Serum from individual mice was separated into
three aliquots. The first aliquot was used immediately
for estimation of amylase, and the others were stored
at - 70 C until used for protein electrophoresis and
estradiol determination. Serum aliquots for amylase
estimation7 were diluted 200-fold with 20mM P04
buffer (pH 6.9) containing 6mM NaCl, and 0.2 ml of
the diluted serum were used for assay. Serum
estradiol was determined by a radioimmunoassay
(RIA) method'112 with an intraassay coefficient of
variation of less than 6'7o and an interassay variation
of less than 8%. The detection limit of the method is
1.0/pg estradiol/tube. We performed agarose gel
zone electrophoresisl3 14 to detect fractions known to

contain major serum proteinase inhibitors. 15 Particu-
lar attention was directed toward the resolution of
the a1-antitrypsin and a2-macroglobulin fractions.
Native C3 was assessed similarly.16

Other Procedures

Proteins were estimated by the method of Lowry et
al.17 Statistical analysis of data was performed using
an analysis of variance18 with appropriate multiple
comparison procedures, and differences between
means were considered significant if P was less than
0.05.

Reagents and Chemicals

Estradiol was purchased from Sigma Chemical
Co., St. Louis, Missouri. 2-4-6,7,16,17-3H(N)-Es-
tradiol (E2), 150 Ci/mmole, was obtained from New
England Nuclear Corporation, Chicago. Its purity
was checked periodically by thin-layer chromatogra-
phy on silica gel, using ethyl acetate: hexane: ethanol
(85: 10: 5) as the development solvent. The com-
ponent was used only when its purity was 97%
or greater. Phenylmethylsulfonyl fluoride (PMSF);
Triton-X-100; BANA, TAME, and crystalline trypsin
were purchased from Sigma Chemical Co. Entero-
kinase was obtained from Worthington Biochemical
Corporation, Freehold, New Jersey, and Norit A and
Dextran C from Fisher Scientific Co., Pittsburgh,
Pennsylvania. All other reagents and chemicals were
of purity grade and were obtained from standard
commercial sources.

Results
In mice fed the CDE diet up to the time of their

death or sacrifice, the following mortality rates were
observed: 8 females died on the fourth day of the ex-
periment, 2 on the fifth; 6 estrogen-treated male mice
died on the fourth day, 1 on the fifth day, and 3 on
the sixth day; and 2 non-estrogen-treated male mice
died on the fourth day, 1 each on the eighth, eleventh,
and thirteenth days, and the surviving five were sacri-
ficed on the fourteenth day. Death of female mice
and of estrogen-treated males, but not of the non-
estrogen-treated male mice, was preceded, in all
cases, by a shocklike state characteristic of this
model.4'5 On inspection of the abdominal organs at
necropsy, a swollen, edematous, and hemorrhagic
pancreas, as well as necrosis of the peritoneal fat tis-
sues, was noted in all of the female mice and in all of
the estrogen-treated males. In marked contrast, the
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Table 1 -Body Weight and Wet Weight and Histopathologic Changes of the Pancreas of Non-Estrogen-Treated
and Estrogen-Treated Male Mice Fed Semipurified Diets for 3 Days

Pancreas

Body weight Wet weight Histopathologic changes
Diet Group Estrogen (g) (mg) (degree of pancreatitis*)
CS a _ (6)25.00 ± 0.41 (6)203 ± 6 (3)0.00 ± 0.00

b + (6)26.67 ± 0.65 (6)220 ± 9 (3)0.00 ± 0.00

CD c _ (14)26.07 ± 0.87 (14)198 ± 9 (10)0.08 ± 0.05
d + (14)29.0 ± 1.42at (12)219 ± 15 (12)0.00 ± 0.00

CSE e _ (14)24.19 1.03d (14)310 + 23a-d (10)0.82 ± 13a-d
f + (14)24.64 0.98d (14)326 ± 16a-d (14)0.91 ±0.1a-d

CDE 9 _ (13)22.0 0.58a - d (13)375 ± 21 a - e (10)2.10 0.17a- f
h + (13)21.92 0.98bb-d (13)398 ± 22a-f (10)3.10 ±0.20a-9

Pancreatitis was scored as described in Materials and Methods.
t Each value represents the mean ± SE and is significantly different when compared with the group indicated. P < 0.05 is considered signifi-

cant. The number of animals is shown in parenthesis.
CS, choline-supplemented; CD, choline-deficient; CSE, CS plus 0.5% DL-ethionine; CDE, CD plus 0.5% DL-ethionine.

typical finding in non estrogen-treated male mice was
a milky white pancreas of reduced size and abdom-
inal fat tissues of normal appearance. Histologic ex-

amination confirmed the presence of an AHPN and
of necrosis of the peritoneal fat tissues in females and
estrogen-treated males, while in the non-estrogen-
treated male mice only atrophy of the acinar paren-

chyma of the pancreas was present.
As shown in Table 1, feeding the CS and CD diets

for 3 days caused only minor variations in the body
weight and the wet weight of the pancreas. On the
other hand, the CSE diet caused a slight but signifi-
cant decrease in the body weight of both non-estrogen-
treated and estrogen-treated male mice. A further
significant decrease was present in mice fed the CDE
diet. No difference in the wet weight of the pancreases

was observed between non-estrogen-treated and es-

trogen-treated mice fed any of the diets. However,
the CSE and CDE diets resulted in a significant in-
crease in the wet weight of the pancreases. Notable

histopathologic features were absent in the pancre-
ases of mice fed the CS and CD diet. Loss of cyto-
plasmic basophilia and increased granularity of the
cytoplasm of the acinar cells were the predominant
lesions in the pancreases of non-estrogen-treated and
estrogen-treated mice fed the CSE diet. However, in
non-estrogen-treated male mice fed the CDE diet, the
pancreatic disease was more advanced and included a
marked vacuolation of the acinar cells. In contrast,
colliquative necrosis, involving entire lobules of the
pancreas, was the typical finding in estrogen-treated
male mice fed the same diet.
The results of the biochemical analyses are shown

in Tables 2 and 3. Analyses of serum and tissues of
male mice fed the CS diet were omitted, since the
body weight, pancreas weight, and gross and histo-
logic appearance of the pancreases of these mice were

essentially the same as in male mice fed the CD diet.
Total protein per pancreas was significantly higher in
both non-estrogen-treated and estrogen-treated mice

Table 2-Pancreas and Serum Proteins and Serum Amylase of Non-Estrogen-Treated and Estrogen-Treated
Male Mice Fed Purified Diets for 3 Days

Serum

Pancreas Protein Amylase
Diet Group Estrogen (mg protein) (mg/ml) (units/ml)
CD a _ (5)23.45 + 2.40 (5)60.26 ± 1.97 (4)12.37 ± 1.60

b + (5)25.59 ± 2.17 (4)58.92 ± 2.65 (3)8.04 ± 0.91
CSE c _ (5)48.58 ± 359a,b. (5)59.03 ± 1.04 (5)14.64 ± 7.67

d + (6)46.85 ± 3.67a,b (5)62.75 ± 2.93 (5)22.72 ± 7.90
CDE e _ (5)41.24 ± 326a,b (5)52.15 ± 206ad (5)97.34 ± 9.35a-d

f + (5)43.12 ± 6.16a,b (3)54.57 ± 2.85 (5)109.72 ± 100a-d
Each value represents the mean ± SE and is significantly different when compared with the group indicated. P < 0.05 is considered signif-

icant. The number of animals is shown in parenthesis.
CD, choline-deficient; CSE, CS plus 0.5% DL-ethionine; CDE, CD plus 0.5% DL-ethionine.
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Table 3-Pancreas Trypsinogen, Trypsin, and Cathepsin B of Non-Estrogen-Treated and Estrogen-Treated
Male Mice Fed Purified Diets for 3 Days

Trypsinogen Trypsin Cathepsin B
Diet Group Estrogen (units) (units) (units)

CD a _ (3)54.70 ± 9.17 (3)2.83 ± 0.30 (5)32.63 ± 3.08
b + (3)73.39 + 7.19 (3)3.52 ± 0.25 (6)42.07 ± 4.59

CSE c - (4)96.85 ± 23.37 (4)2.83 ± 0.30 (5)48.99 ± 5.87
d + (4)103.06 + 18.34a-c* (4)3.68 ± 0.22C (6)54.43 ± 6.47

CDE e _ (3)188.51 ± 8.13a-c (3)3.81 ± 0.25ac (3)36.93 1.86d
f + (3)262.16 ± 24.30t (3)6.17 ± 0.02t (5)65.43 8.26a - e

Each value represents the mean ± SEM and is significantly different when compared with the group indicated. P < 0.05 is considered sig-
nificant. The numbers in parenthesis refer to pools of two pancreases analyzed (see Materials and Methods).

t Significantly different from all groups.
CD, choline-deficient; CSE, CS plus 0.5% DL-ethionine; CDE, CD plus 0.5% DL-ethionine.

fed the CSE and CDE diets. No significant alteration,
due either to diet or hormonal status, was present in
the serum level of proteins, with the exception of a

small decrease observed in non-estrogen-treated mice
fed the CDE diet (Table 2). Non-estrogen-treated and
estrogen-treated male mice fed the CSE diet had the
highest content of amylase per pancreas. However,
male mice fed the CDE diet had serum amylase levels
5-10-fold greater than any other group of male mice.
Feeding the CSE and CDE diets resulted in an in-
creased pancreatic content of trypsinogen (Table 3).
Moreover, the content of trypsinogen was significant-

ROGEN
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Figure 2-Serum estradiol levels in male mice fed various diets.
Estradiol levels are expressed as picograms per 1 ml of serum. Bars
represent mean values, and brackets represent SEM. CS, choline-
supplemented; CD, choline-deficient; CSE, choline-supplemented
ethionine; and CDE, choline-deficient ethionine.

ly greater in estrogen-treated mice fed the CDE diet
than in any other group of mice. Trypsin activity was
similar in all groups of male mice, except for the
estrogen-treated male mice fed the CDE diet, in
which a 2-fold increase was found. In the latter ani-
mals, the activity of cathepsin B was also significantly
greater than in any other group of mice.
The data illustrated in Figure 2 show that hormone

treatment of male mice, irrespective of the diet, re-
sulted in serum levels of estradiol two to four times
higher than those observed in the respective non-
estrogen-treated mice. In addition, serum estradiol
levels were significantly higher in animals receiving
both estrogen and ethionine than in those receiving
only estrogen.
A representative electrophoretogram of serum pro-

teins is shown in Figure 3. No differences were appar-
ent in the concentrations of albumin, a1-globulins,
and a2-globulins between non-estrogen-treated and
estrogen-treated mice fed any of the diets. However,
decreases were existent in the concentrations of
al-globulins, which contain a1-antitrypsin; a2-globu-
lins, which contain a2-macroglobulin; and transfer-
rin, whch contains C3, in non-estrogen-treated mice
fed the CSE diet, and even more so in those fed the
CDE diet. Hormonal treatment produced even fur-
ther decreases in these proteins.

Discussion

In agreement with previous reports,4"5 male mice,
contrary to female mice, were found to be rather in-
sensitive to the induction of an AHPN by a choline-
deficient diet containing DL-ethionine. The results of
the present studies clearly indicate that the sex
difference in the response to the dietary regimen is
mediated, at least in part, by estrogens. Indeed, feed-
ing the diet to estrogen-treated males resulted in
marked increases in the mortality rate, incidence of
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Figure 3-Serum proteins of male mice fed various diets. Agarose gel electrophoresis of serum proteins was performed as described under
Materials and Methods. CS, choline-supplemented; CD, choline-deficient; CSE, choline-supplemented ethionine; and CDE, choline-deficient
ethionine. 1) CS-non-estrogen-treated. 2) CS-estrogen-treated. 3) CD-non-estrogen-treated. 4) CD-estrogen-treated. 5) CSE-non-estrogen-
treated. 6) CSE-estrogen-treated. 7) CDE-non-estrogen-treated. 8) CDE-estrogen-treated.

AHPN, and in alterations of biochemical parameters
of pancreas and serum similar to those previously
described to occur in female mice fed the same
diet.4'5'7,8'16 In the latter animals, the hallmark lesions
and their progression, leading to the onset of AHPN,
are an increase in the weight of the pancreas, due
mostly to engorgement of the acinar cells with zymo-
gens; an increase in the activity of the lysosomal en-
zyme cathepsin B; an intraparenchymal activation of
zymogens, probably triggered by cathepsin B, with
formation of active trypsin and other proteinases; an
increased level of serum amylase; spillage of active
proteinases into the circulation, as shown by decreases
in the serum levels of a1-antitrypsin, a2-macroglobu-
lin, and C3; onset of a shocklike state, in all likeli-
hood caused by input into the circulation of active
proteinases; and, finally, massive necrosis of the pan-
creas due to autodigestion of the organ, with the ulti-
mate death of the animals.4 5''8'10'16 Evidence of the
occurrence of all these alterations in estrogen-treated
male mice fed the CDE diet was obtained in the pres-
ent studies (Tables 1-3).

Implantation of estradiol capsules resulted in a
2-3-fold increase in the level of circulating estradiol
in male mice fed the CS or CD diet (Figure 2), and in
a 3-4-fold increase in those fed the same diets con-
taining ethionine. These results suggest that ethionine
either facilitates estradiol assimilation or interferes
'with its metabolism and/or clearance. The latter pos-
sibility seems to be the more plausible, because ethi-
onine produces liver injury,4.19 and the liver is inti-
mately involved in the clearance of estrogens from
the circulation.20 Furthermore, chronic ingestion of
ethanol, another hepatotoxin, is known to result in

increased levels of serum estrogens, as well as of
hepatic estrogen receptors in the cytosol of rats.12
Mammalian pancreatic acinar cells are known to pos-
sess estrogen receptors, and exogenously administered
estrogens have been shown to accumulate in the pan-
creas.21'25 In preliminary findings we have also ob-
served that estrogen treatment results in enhanced
pancreatic cytosolic estrogen receptor levels in male
mice fed the CS or CD diets, and that ethionine sup-
plementation of these diets results in yet further
increases.

Estrogen administration to both rats and dogs has
been shown to produce an increase in the weight of
the pancreas, alterations in the flow rate and compo-
sition of pancreatic juice, and histopathological
changes.24 Furthermore, pancreatitis and other
changes in pancreatic functions have been reported
to occur in patients taking estrogens for clinical rea-
sons.`3 However, the results of the present studies
suggest that under the experimental conditions used,
estrogens per se are not pancreatotoxic. Indeed, es-
trogen treatment of male mice fed the CS or CD diets
did not influence the weight, the anatomic and histo-
logic features, and the content of trypsinogen, tryp-
sin, and cathepsin B of the pancreas (Table 3) or the
protein and amylase content of the serum (Table 2).
Results of previous studies with this experimental
model of AHPN have indicated clearly that the prin-
cipal pancreatotoxic agent in the inducing regimen is
ethionine, and that the role played by choline defici-
ency is to enhance the toxicity of ethionine. Evidence
of this potentiating effect was obtained also in the
present studies. An increase in the weight of the pan-
creas and in the severity of the histopathologic le-
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sions produced (Table 1) was present in mice fed the
CSE diet, as compared with male mice fed the CS
and CD diets. A further increase in weight and more
severe lesions were observed in non-estrogen-treated
male mice fed the CDE diet. However, the greatest
increase in pancreas weight, the severest histopatho-
logic conditions, the most marked increase in serum
amylase, and the only increase in pancreatic trypsin
and cathepsin B activities were seen in the estrogen-
treated male mice fed the CDE diet. It is apparent,
therefore, that estrogens, as in the case with the CD
diet, potentiate the toxicity of ethionine. It is known
that the metabolism and toxicity of ethionine are
both greater in female than male rats.9,26 It is also
known that estrogens induce changes in the lysosom-
al content of the uterus.27 It seems possible that a
combined action of estrogens and of ethionine on the
lysosomes of the pancreas might induce an activation
of cathepsin B and of zymogens, while neither agent
alone can do so.
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