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Abstract

We have previously demonstrated that dietary protein induced pancreatic hypergrowth in pancreaticobiliary diverted (PBD) rats. Dietary

protein and dietary amino acids stimulate protein synthesis by regulating translation initiation in the rat skeletal muscle and liver. The aim of

the present study was to determine whether feeding a high-protein diet induces activation of translation initiation for protein synthesis in the

rat pancreas. In PBD rats in which the bile – pancreatic juice was surgically diverted to the upper ileum for 11–13 days, pancreatic dry weight

and protein content were doubled compared with those in sham rats and further increased with feeding of a high-protein diet (60% casein

diet) for 2 days. These pancreatic growth parameters were maintained at high levels for the next 5 days and were much higher than those of

sham rats fed a high-protein diet. In both sham and PBD rats, feeding of a high-protein diet for 2 days induced phosphorylation of eukaryotic

initiation factor 4E-binding protein 1 and 70-kDa ribosomal protein S6 kinase, indicating the activation of the initiation phase of translation

for pancreatic protein synthesis. However, this increased phosphorylation returned to normal levels on Day 7 in PBD but not in sham rats. We

concluded that feeding a high-protein diet induced pancreatic growth with increases in the translation initiation activities for pancreatic

protein synthesis within 2 days and that prolonged feeding of a high-protein diet changed the initiation activities differently in sham and

PBD rats.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Dietary protein enhances pancreatic secretion and con-

sumption of a high-protein diet stimulates pancreatic growth

and induces pancreatic protease [1,2]. Proteins and amino

acids in food may signal information to the mucosal surface

of the small intestine and from there are transmitted to the

pancreas through hormonal and nervous systems. One factor

involved in pancreatic adaptation is luminal protease

activity derived from the bile–pancreatic juice (BPJ).

Decreasing protease activity in the proximal small intestinal

lumen increases pancreatic secretion and pancreatic protease

synthesis through the negative feedback mechanism [3,4].

The masking of luminal protease activities by ingested

proteins is responsible for the adaptive growth of the

pancreas after consumption of dietary protein [5].
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The regulatory action of dietary protein occurs in concert

with endogenous factors, especially pancreatic proteases

and an endogenous cholecystokinin (CCK)-releasing pep-

tide (monitor peptide) [6] in BPJ; however, it is difficult to

examine the direct action of the dietary protein itself on the

regulation of the pancreatic adaptation in normal rats. Rats

with chronic BPJ diversion from the proximal small

intestine [pancreaticobiliary diverted (PBD) rats] are suit-

able models for examining the effects of dietary protein

independent of protease activities in BPJ.

We have previously shown that feeding of a high-protein

diet for 3 days [7] and for 7 days [8] induced pancreatic

growth and protease production in PBD rats and that the

induced levels were much higher than those in normal

(sham) rats. Dietary protein or dietary amino acids,

especially leucine, stimulate protein synthesis by regulating

the initiation phase of translation in the rat skeletal muscle

and liver [9,10]. Although the translation initiation process

is composed of numerous steps, a principal stage in the
chemistry 16 (2005) 507–512
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regulation of translation initiation involves the binding of

mRNA to 40S ribosome [11]. This step requires a multi-

subunit complex referred to as eukaryotic initiation factor

(eIF) 4F. The formation of the eIF4F complex is prevented

by eIF4E-binding protein 1 (4E-BP1), which sequesters the

mRNA cap-binding protein, eIF4E, into an inactive

complex under hypophosphorylation conditions. The phos-

phorylation of 4E-BP1 promotes the assembly of the eIF4F

complex. The phosphorylation of the 70-kDa ribosomal

protein S6 kinase (S6K1) is associated with its kinase

activity [12,13], and the increased activity is implicated in

stimulating the initiation phase of the translation [14].

The signaling by growth factors and amino acids

converges at the mammalian target of rapamycin (mTOR)

and acts to control the phosphorylation status of 4E-BP1

and S6K1 [15]. However, it is unclear how dietary protein

influences pancreatic growth and how stimulation of dietary

proteins influences translation initiation activities for pan-

creatic protein synthesis in rats.

The aim of the present study was to determine whether

feeding of a high-protein diet induces activation of the

translation initiation for rat pancreatic protein synthesis

regulated via the mTOR pathway. We examined changes in

the pancreas after feeding diets with normal and high levels

of casein for 2 or 7 days in PBD rats compared with those in

sham rats.
2. Methods and materials

2.1. Animals and diets

Male Sprague–Dawley rats (Japan SLC, Hamamatsu,

Japan) weighing approximately 200 g were fed a semi-

purified sucrose–casein-based diet for 4–6 days for

acclimation. The acclimated rats were divided into two

groups. Rats in one group underwent surgery to establish

chronic pancreaticobiliary diversion [16]. After a 24-h fast,

surgery was performed to divert the BPJ to the ileum by

transposition of a duodenal segment including the ampulla

of Vater under anesthesia by intraperitoneal injection of

pentobarbital sodium (40 mg/kg body wt, Abbott Labora-

tories, North Chicago, IL, USA). Briefly, a 2- to 3-cm

segment of the duodenum containing the ampulla of Vater

was cut off after ligation of the proximal end of the segment.

End-to-side anastomosis was carried out between the cut

edge of the anal side of the segment and the lateral opening

on the upper ileum (45 cm distal to the ligament of Treitz),

and both cut edges of the duodenum were end-to-end

anastomosed (PBD rats). The rats in the other group were

subjected to a sham operation; that is, a 1-cm segment distal

to the ampulla of Vater was transected and end-to-end

anastomosed (sham rats).

After the operation, the rats were fed a semipurified,

sucrose-based, fat-free diet containing a 250 g casein/kg

diet [25% casein diet (NC diet)] as described previously [7]

for a recovery period of 11–13 days. After recovery from
operative damage, sham and PBD rats were divided into

four subgroups each. The rats of one subgroup were

immediately killed (Day 0). The rats of another subgroup

were fed the NC diet for 7 days, and the rats of the other two

subgroups were fed a 60% casein diet (HC diet), in which

sucrose of the NC diet was replaced by casein up to 600 g

casein/kg diet, for 2 or 7 days to evaluate time-dependent

pancreatic adaptation to the high-protein diet. We used fat-

free diets because dietary fat also stimulates CCK secretion.

Rats in all groups had free access to the assigned diet and

water. The experiments were performed in a room con-

trolled at 23F28C, with a 12-h light/12-h dark cycle

(8:00 am–8:00 pm light period).

Rats of each group were killed under pentobarbital

anesthesia. Immediately, a segment of pancreatic tissue

(approximately 100 mg) was removed from the dorsal area

for quantification of 4E-BP1 and S6K1 as described below.

The residual pancreatic tissue was removed and frozen in

liquid nitrogen for measurement of protein content.

The study was approved by the Hokkaido University

Animal Committee, and the animals were maintained in

accordance to the guidelines for the care and use of

laboratory animals of the Hokkaido University.

2.2. Analysis

A segment of the pancreatic tissue was homogenized

in Buffer A [10 mM N-2-hydroxyethylpiperazine-NV-2-
ethanesulfonic acid at pH 7.4, 150 mM NaCl, 1 mM EDTA,

5 mM ethylene glycol-bis(a-aminoethyl ether)-N,N,NV,NV-
tetraacetic acid, 100 mM NaF, 50 mM a-glycerophosphate,

2 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine

and 1 mM sodium vanadate 1% Triton X-100, 10 mM

MgCl2, 10 mM KH2PO4, 10 Ag/ml aprotinin, 10 Ag/ml

leupeptin] using a Polytron homogenizer. The homogenate

was centrifuged at 10,000�g for 10 min at 48C.
For quantification of 4E-BP1, an aliquot of the 10,000�g

supernatant was boiled for 10 min then centrifuged at

10,000�g for 30 min at 48C. The resulting supernatant was

mixed with an equal volume of buffered 2�SDS, and the

diluted sample was electrophoresed on 15% polyacrylamide

gel and subjected to protein immunoblot analysis by using

rabbit anti-4E-BP1 polyclonal antibodies (Santa Cruz

Biotechnology, CA, USA) [17]. For quantification of

S6K1, an aliquot of the 10,000�g supernatant was

combined with an equal volume of buffered 2�SDS,

electrophoresed on 7.5% polyacrylamide gel and subjected

to a protein immunoblot analysis using rabbit S6K1

polyclonal antibodies (Santa Cruz Biotechnology) [18].

Protein content was measured in the freeze-dried residual

pancreas by a modified version of Lowry’s method [19,20].

2.3. Calculations

Protein content in the pancreas was expressed as milli-

grams in the whole pancreas (the sum of the wet weight of

the removed pancreas segment used plus that of the residual

pancreas was equal to the weight of the whole pancreas).



P
ro

te
in

 c
on

te
nt

, m
g 

/ p
an

cr
ea

s
P

an
cr

ea
ti

c 
dr

y 
w

ei
gh

t
m

g 
/ p

an
cr

ea
s

A

B

0

200

400

600

0

200

400

600

Days after feeding

PBD Sham
HC NC

0 7 7
HC NC

0 7 7

Days after feeding

PBD Sham
HC NC

0 2 2

22

7 7
HC NC

0 7 7

b

a
a

b

c
c

cd
d

b

a
a

b

c c
c

c

(AB)
(A) (A)

(B)

(B)
(A)

(A)

(B)

Fig. 1. Changes in pancreatic dry weight (A) and protein content (B) 2 and

7 days after feeding an NC diet or an HC diet in sham and PBD rats. Results

are meansFS.E.M. (n =6–9). The P value in one-way ANOVA for all the

groups was b .001 for dry weight and protein content. The P values for the

four diet groups on Day 7 evaluated by two-way ANOVAwere b .001, .005

and .661 for PBD, diet and PBD � Diet, respectively, for dry weight and

b .001, b .001 and .876, respectively, for protein content. a,b,c,dValues not

sharing a common letter are significantly different among all the groups

( P b.05). A,BValues not sharing a common letter are significantly different

within the four groups of sham rats ( P b.05).
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ig. 2. Changes in the phosphorylation of pancreatic 4E-BP1 2 and 7 days

fter feeding an NC or an HC diet in sham and PBD rats. Values show

egrees of phosphorylation in 4E-BP1 expressed as a percentage of the g-

hosphorylated form to the total 4E-BP1. Each value is the meanFS.E.M.
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BD � Diet, respectively. a,b,cValues not sharing a common letter are
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4E-BP1 protein content was calculated as the total density

by protein immunoblot analysis per amount of applied

proteins. The data were analyzed by one-way analysis of

variance (ANOVA) in all the groups (eight groups) or in

four groups of sham rats. Also, data on the four diet groups
Table1

Food intake and body weight gain 2 and 7 days after the start of feeding the test

Groups Sham-HC PBD-HC Sha

Day 2 Day

Food intake (g/day) 20.4F1.2 18.7F0.6 19.

Body weight gain (g/day) 4.8F0.8 3.9F0.8 5.

Values are meansFS.E.M. (n =6–9). P values in one-way ANOVA for all the g

evaluated by two-way ANOVAwithin the four diet groups on Day 7 were .926, .00

.143, .020 and .750, respectively, for body weight gain. Values not sharing a comm
D

F

a

d

p

fo

g

th

P

si
on Day 7 were analyzed by two-way ANOVA. The

significance of the differences among all eight groups or

among the four groups of sham rats (only Fig. 1) was

determined by Duncan’s multiple-range test (Pb.05; SAS

version 6.07, SAS Institute, Cary, NC, USA).

gnificantly different among all the groups ( P b.05).
3. Results

Body weight gain and food intakes are summarized in

Table 1. Food intake was lower in the HC group than in the

NC group on Day 7 in PBD rats. From the results of two-

way ANOVA on Day 7, food intake and body weight gain

were influenced by diet but not by PBD.

Pancreatic dry weight and protein content were much

higher in the PBD rats than in the sham rats on Day 0
diets

m-HC PBD-HC Sham-NC PBD-NC

7

5F1.1b,c 18.7F0.9c 21.8F1.3a,b 22.8F0.5

1F0.3b 5.5F0.3a,b 5.8F0.4a,b 6.4F0.3

roups were .013 for food intake and .032 for body weight gain. P values

3 and .363 for PBD, diet and PBD � Diet, respectively, for food intake and

on superscript letter are significantly different within the same day ( P b .05)
a

a

.
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(Fig. 1). Feeding of the HC diet in PBD rats further

increased both pancreatic growth parameters on Day 2. The

maximal value in pancreatic protein content was on Day 2.

The induced levels of the pancreatic growth parameters by

feeding of the HC diet were maintained over the next 5 days

in PBD rats. On Day 7, pancreatic dry weight was higher in

the HC groups than in the NC groups in PBD and sham rats,

respectively. Protein content in PBD rats was also higher in

the HC group than in the NC group. By statistical analysis

within sham rats, protein content was higher in the HC

group than in the NC group on Day 7.

The phosphorylation state of 4E-BP1 can conveniently

be examined by resolution of the phosphorylated forms of

the protein during SDS–polyacrylamide gel electrophoresis;

that is, 4E-BP1 is resolved into multiple electrophoretic

forms, termed a, h and g, representing differentially

phosphorylated forms of the protein (Fig. 2). The most

highly phosphorylated form, the g form, exhibits the slowest

electrophoretic mobility and is the only form not bound to

eIF4E. The percentage of the g form to the sum of the three

form intensities showing initiation activity was similarly

increased by feeding of the HC diet for 2 days in both sham

and PBD rats. The increased phosphorylation of 4E-BP1

returned to normal levels on Day 7 in PBD rats but not in
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Fig. 3. Changes in the phosphorylation of S6K1 in the pancreas 2 and 7 days

after feeding an NC diet or an HC diet in sham and PBD rats. S6K1 is

resolved into multiple electrophoretic forms on SDS–polyacrylamide gels.

Values display percentages of S6K1 in the h and g forms to the total S6K1.

Each value is the meanFS.E.M. for six to nine rats. The P value evaluated

by one-way ANOVA for all the groups was b .001 and the P values

evaluated by two-way ANOVA within the four diet groups on Day 7 were

.397, .016 and .895 for PBD, diet and PBD � Diet, respectively. a,b,cValues

not sharing a common letter are significantly different among all the groups

( P b.05).
sham rats. The percentage of the g form was further

increased with prolonged feeding of the HC diet (Day 7) in

sham rats. Prolonged feeding of the NC diet did not increase

the 4E-BP1 phosphorylation in either the sham rats or the

PBD rats. Total 4E-BP1 protein content (sum of a, h and g

form densities per applied protein) did not change with time

or diets (data not shown, P=.498, n=60).

S6K1 is typically resolved into multiple electropho-

retic forms after separation by electrophoresis on SDS–

polyacrylamide gel with increased phosphorylation being

associated with decreased electrophoretic mobility (Fig. 3),

termed a, h and g [21]. We quantified the ratio of the more

heavily phosphorylated (more slowly migrating) forms to

the total immune reactivity because phosphorylated h and

g forms possess kinase activity. Phosphorylation of S6K1

was higher in the HC group than in the NC group on Day 2

in PBD rats, and the increased phosphorylation was returned

to the basal value on Day 7. The percentages of

phosphorylated S6K1 in sham rats tended to be changed

in a similar manner to those in PBD rats without significant

differences. Phosphorylation of S6K1 in NC group did not

increase in either the sham rats or the PBD rats.
4. Discussion

We have previously shown that pancreatic growth and

pancreatic protease production were induced by dietary

protein independent of luminal BPJ by using PBD rats [7,8].

In this study, we examined changes in the translation

initiation activities in chronic PBD rats 2 and 7 days after a

change in diet from a normal to a high level of protein. The

pancreatic dry weight and protein content were increased by

feeding of a high-protein diet for 2 days, and the increments

were much larger than those in sham rats on Day 7. These

results demonstrate that dietary protein induced pancreatic

growth independent of BPJ, which is consistent with the

results of our previous studies. CCK [22,23] and dietary

protein [9] are known to stimulate protein synthesis in the

pancreas. The process of protein synthesis is regulated

through several steps including translation initiation. The

present study showed that rapid pancreatic growth was

associated with phosphorylation of 4E-BP1 and S6K1,

which indicates activation of translation initiation of protein

synthesis through the mTOR pathway. Regulatory factors of

the translation initiation downstream of the mTOR pathway

are known to be activated by CCK in the rat pancreas [24].

Recently, it has been reported that the secretion level of

CCK, a potent stimulator of the exocrine pancreas, is

increased by dietary protein in a manner independent of BPJ

[25–28], and our previous study demonstrated that pancre-

atic growth in PBD rats is dependent on CCK [8]. These

previous and present results suggest that CCK is involved in

the activation of mTOR-dependent translation initiation by

dietary protein both in sham and PBD rats. Direct

stimulation with peptides derived from dietary protein on

CCK-producing cells and increasing endogenous luminal



M. Hashi et al. / Journal of Nutritional Biochemistry 16 (2005) 507–512 511
CCK-releasing peptides other than the monitor peptide

[29,30] are proposed mechanisms to promote CCK secretion

in PBD rats. Bioactive peptides such as h-casomorphins

are derived from casein [31]. Also, we found CCK-

releasing active peptides, h 51– 63, derived from soybean

h-conglycinin [32]. Some peptides derived from casein

may be involved in the promotion of CCK release.

It is well known that PBD induces CCK hypersecretion,

and we previously showed that protein feeding further

increased blood CCK levels in PBD rats [7]. CCK receptors

exist in at least two binding states, high- and low-affinity

states [33–35]. CCK stimulates acinar cell growth through

both high- and low-affinity receptors [33], and each binding

state appears to have a different set of second messengers

and different biologic effects [35]. CCK increased by dietary

protein in PBD rats possibly induced pancreatic growth

through a low-affinity receptor. However, the high-protein

diet induced pancreatic growth even in the CCK-deficient

mice compared with that in rats fed the high-fat and high-

carbohydrate diet [36]. Moreover, we previously showed

that a high-amino acid diet also induced pancreatic growth

independent of CCK [37]. These previous findings indicate

the possibility that the increases in translation initiation

activity by dietary protein in PBD rats do not depend on

CCK. Further studies are needed to clarify this hypothesis.

There were differences in changes in the translation

initiation activity between PBD and sham rats to adapt to the

prolonged feeding of a high-protein diet; that is, the large

increase in phosphorylation of 4E-BP1 caused by the high-

protein diet on Day 2 returned to the basal level in PBD rats

on Day 7 but remained at an elevated level in sham rats. In

PBD rats fed a high-protein diet, pancreatic protein content

was maintained at a high level although the activation level

of the initiation returned to the basal level on Day 7. We

observed that there were no changes in the total 4E-BP1

level and that phosphorylation of S6K1 similarly changed

after feeding a high-protein diet in PBD rats. These findings

show that, in PBD rats but not in sham rats, a translation

initiation process was inactivated by prolonged feeding of a

high-protein diet. Our previous study showed that pancreatic

protein synthesis remained at a high level in PBD rats fed an

HC diet for 2 weeks [38]. These results suggest that another

pathway to the promotion of pancreatic protein synthesis is

activated by prolonged feeding of a high-protein diet in

PBD rats.

In conclusion, feeding PBD rats with a high-protein diet

for 2 days induced pancreatic growth that was associated

with the activation of mTOR-dependent translation initia-

tion activities. However, activation of a different pathway

for protein synthesis was suggested with prolonged feeding

of a high-protein diet.
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