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Regulators for pancreatic amylase were examined.
Rats were fed ad libitum a 20% amino acid (AA)
mixture diet (Con), a 60% AA diet (HA), a branched-
chain amino acid (BCAA)-rich diet (BC), or a diet
supplemented with AA other than BCAA (OA) for 7d,
or fed the Con, HA, BC diets or diets supplemented with
individual BCAA. Activity and mRNA levels of pancre-
atic amylase in the BC and HA groups were lower than
those in the Con and OA groups. Leucine and isoleucine
contributed to these effects of the BC diet. The mRNA
levels correlated with individual pancreatic BCAA
concentrations but not with plasma insulin level. In
conclusion, dietary BCAA, especially leucine and iso-
leucine, may reduce amylase mRNA and activity in rats.
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Amino acids (AA) have many physiological func-
tions.”™” Recent studies have shown that some AA,
especially branched-chain amino acids (BCAA), directly
promote protein synthesis in pancreatic B cells>* and
muscles®” by activation the mammalian target of
rapamycin (mTOR) and also stimulate secretion of
insulin by charging energy in the B cells.®”

Insulin is known to up-regulate pancreatic amylase
mRNA and to prevent degradation of amylase mRNA in
type 1 diabetes rats.'%'¥ It has also been reported that
amylase activity was lowered in a model rat with insulin
resistance.'” Moreover, a mouse pancreatic amylase
gene, Amy-2.2, has an insulin-responsive element in the
5'-flanking region.!> These previous findings show that
insulin is important for pancreatic amylase gene ex-
pression.

A high carbohydrate diet is thought to induce
pancreatic amylase via insulin secretion.'®!” However,
we have previously shown that amylase activity does not
always reflect carbohydrate content in the diet.'® In our
preliminary study, furthermore, ingestion of BCAA

lowered pancreatic amylase activity (unpublished data)
although BCAA is a stimulator of insulin secretion.
Moreover, it has also been reported that exogenous
insulin does not influence pancreatic amylase activity in
normal rats.'%?? These results suggest that some AA
other than carbohydrate and insulin are also involved in
the regulation of amylase activity in the normal rat
pancreas. It is not clear, however, which AA regulates
pancreatic amylase or whether insulin is involved in this
regulation.

In the present study, we investigated the effect of
BCAA on enzymatic activity and mRNA levels of
pancreatic amylase in rats.

Materials and Methods

Animals, diets, and experimental procedure. This
study was approved by the Hokkaido University Animal
Committee, and the animals were maintained in accord-
ance with the guidelines for the care and use of
laboratory animals of Hokkaido University.

Male Wistar/ST rats (5-w-old, Japan SLC Inc.,
Hamamatsu, Japan) weighing approximately 100 g, were
kept under a 12-h light-dark cycle and fed a semi-
purified casein-based basal diet during an acclimation
period. The composition of the basal diet? and AA
mixture simulated casein?® were described previously.
Test diets in this study are shown in Table 1. All AA
were kindly donated by Ajinomoto Co. (Tokyo, Japan).

Two experiments were carried out in this study. In
experiment 1 (exp. 1), we investigated the contribution
of BCAA in a high AA diet to inhibition of amylase
activity and mRINA levels in relation to insulin action.
Under a 20:00-8:00 dark-period cycle condition (as in
experiment 2 (exp. 2) also), 36 acclimated rats were
divided into 4 groups of 9 rats and fed a 20% AA diet
(control diet, Con), a Con diet supplemented with
BCAA (BC), a Con diet supplemented with AA other
than BCAA (OA), or a 60% AA diet (HA) for 7d ad
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Table 1. Composition of the Test Diets: a 20% AA Diet (Con), a Con
Diet Supplemented with BCAA (BC), a Con Diet Supplemented with
AA Other Than BCAA (OA), a 60% AA Diet (HA), or Con Diets
Supplemented with Leucine, Isoleucine, or Valine (Leu, Ile, and Val
respectively)

Diet Con BC OA HA Leu Ile Val

(g/kg diet)
AA except BCAA! 161 161 483 483 161 161 161
BCAA!

Leucine 17.7 53.1 17.7 53.1 53.1 17.7 17.7

Isoleucine 9.6 288 9.6 288 9.6 288 9.6

Valine 11.6 348 11.6 348 11.6 11.6 3438
Corn oil 50 50 50 50 50 50 50

Mineral mixture? 40 40 40 40 40 40 40
Vitamin mixture? 10 10 10 10 10 10 10

vitamin E* 1.0 10 10 10 10 1.0 1.0
Choline bitartrate 40 40 40 40 40 40 40
Sucrose 695 617 373 295 660 676 672

! Amino acid mixture simulated casein.

2 The mineral mixture was prepared based on the AIN-76 Workshop held in
1989. It provided (in mg/kg diet): Ca, 4,491; P, 2,997; K, 3,746; Mg, 375;
Fe, 100; I, 0.32; Mn, 10.0; Zn, 34.7; Cu, 6.00; Na, 4,279; CI, 6,542; Se,
1.05; Mo, 1.00; Cr, 0.50; B, 0.50; V, 0.25; Sn, 2.00; As, 1.00; Si, 20.0; Ni,
1.00; F, 2.72; Co, 0.20.

3 The vitamin mixture was prepared in accordance with the AIN-76 mixture
(AIN 1976) except that menadione and L-ascorbic acid were added to make
a 5.82 umol/kg diet and a 284 umol/kg diet respectively.

4 Vitamin E granules (Juvela, Eisai Co., Tokyo, Japan) supplied 423 jumol
all-rac-a-tocopheryl acetate per kg of diet.

libitum. AA content except for BCAA in the OA diet
and BCAA content in the BC diet were equal to those in
the HA diet (Table 1). On day 7, the rats were killed in
the period 9:00-12:00.

Experiment 2 was carried out to examine the
contribution of individual BCAA to changes to amylase
mRNA levels. 36 acclimated rats were divided into 6
groups of 6 rats each and given test diets that were Con,
HA, BC, or Con diets supplemented with leucine (Leu),
isoleucine (Ile), or valine (Val) respectively, for 7d. The
individual BCAA added to the BC, Leu, Ile, or Val diet
were up to those in the HA diet (Table 1). On day 7, the
rats were killed in the 9:00-12:00.

In all test diets, sucrose contents were reduced by way
of supplementation of AA (Table 1).

Sample collection. On day 7, one or two pieces of the
pancreas were excised under pentobarbital-anesthesia.
One segment (approximate 80 mg) was homogenized in
1 ml ISOGEN (Nippon Gene Co., Tokyo, Japan) with a
Polytron homogenizer (KINEMATICA, Amlehnhalde,
Switzerland) to extract total RNA in exp. 1 and 2.
Another segment (approximate 80mg) was homogen-
ized in 1 x lysis buffer for immunoblot analysis (exp. 1),
as previously reported.”® Blood was collected with an
aprotinin-heparin treated syringe from the abdominal
aorta (exp. 1) to assess plasma insulin levels. The rest of
the pancreas was removed after killing by ensanguina-
tion from the abdominal aorta and was freeze-dried.

Sample preparation and analysis. The dried pancreas
was homogenized in a buffer solution for measurement

of protein content and the activity of amylase in both
experiments and of chymotrypsin in exp. 1 according to
the methods described previously,?” or was homogen-
ized in 60% acetonitrile for measurement of free AA
levels in the pancreas. Free AA levels were measured by
derivation of free AA into phenyl thiocarbamoyl AA by
phenyl isothiocyanate and were analyzed by HPLC
using the Wakopak 5C18 column with absorbance at
254 nm.*®

Total RNA for mRNA analysis was obtained from
pancreatic homogenate with ISOGEN according to the
user’s manual. Amylase and glycelaldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA levels were
quantified by Northern blot analysis using digoxigenin-
labeled cDNA probes; the sets of sense and antisense
primers for the synthesis of cDNA from the mRNA of
amylase and GAPDH have been reported previously.?>

The homogenate in the lysis buffer was immunopre-
cipitated with anti-insulin receptor pS-subunit (IRS)
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
California, USA) or anti-insulin receptor substrate 1
(IRS-1) antibody (Santa Cruz Biotechnology, Inc.) for
analysis of the phosphotyrosine (pY) levels of IRS and
IRS1. The immunoprecipitant was collected with Bio-
Mag goat anti-mouse IgG (Qiagen, Tokyo, Japan),
resolved in a sample buffer (final concentration:
50mmol/l Tris-HCI, 200g/1 SDS, 60ml/l 2-mercap-
toethanol, 100ml/1 glycerol, pH 7.2), subjected to
immunoblot analysis, and visualized with Enhanced
Chemiluminescence reagent (Amersham Bioscience,
Little Chalfont, England).

Plasma was obtained from blood by centrifuge at
1,500 x ¢ for 20min. Plasma insulin levels were
measured with radioimmunoassay (Amersham Bio-
science) in duplicate according to the instructor’s
manual, and we confirmed the values to be accurate by
repeat measurement.

Calculations. Enzymatic activity was expressed in
units per mg of protein.?! The abundances of amylase
mRNA were standardized by GAPDH mRNA. The
intensities of pY levels in IRB and IRS-1 were
normalized with those of IRA and IRS-1 respectively.
The value of mRNA level and those of pY levels of IRS
and IRS-1 were presented as relative values compared
with those of the Con group as 1. All data were
expressed as mean = SEM. Data were analyzed by one-
way ANOVA (StatView version 5.0 Software, SAS
Institute Inc., Cary, North Carolina, USA) and Duncan’s
multiple range test. We considered P < 0.05 to be
statistically significant.

Results

Body weight gain and food intake were not different
between the groups in exp. 1 and 2. In exp. 1, pancreatic
weight was higher in the BC, OA, and HA groups than
the Con group. In exp. 2, pancreatic weight in the BC
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Table 2. Changes in Body Weight Gain, Food Intake, and Dry
Pancreas Weight in Rats

Exp. 1!
Body weight gain Food intake Pancreas
(g/day)’ (mg)’
Con 546+0.19 13.0+0.3 149 £ 4¢
BC 4.77+£0.17 124403 165+ 6°
OA 6.04 +0.23 13.0+0.5 173 £4°
HA 6.06 +£0.12 12.34+0.3 201 +£ 32
P-value* NS NS <0.001
Exp. 22
Body weight gain Food intake Pancreas
(g/day)’ (mg)’
Con 4.99 £0.35 154+£0.6 177+ 8°
Leu 4.99 +0.20 16.0 £ 0.5 184+ 8°
Ile 5.16 £0.24 14.7+£0.7 195+ 4°
Val 5.01+0.14 143+£0.3 2024+ 7%
BC 4.70 £0.40 15.0£0.7 224 £ 13*
HA 4.65+0.08 13.7£0.9 226+ 8*
P-value* NS NS <0.001

! Rats were fed a 20% AA diet (Con), a Con diet supplemented with BCAA
(BC), a Con diet supplemented with AA other than BCAA (OA), or a 60%
AA diet (HA) for 7d ad libitum in exp. 1 (n = 9).

2 Rats were fed a Con, BC, OA, or HA diet, or Con diets supplemented with
leucine (Leu), isoleucine (Ile), or valine (Val) for 7d (n = 6).

3 Values are mean 4+ SEM. Values not sharing a common superscript are
significantly different (P < 0.05).

4 P-values are analyzed by one-way ANOVA.

and HA groups but not in the Leu and Ile groups was
higher and that in the Val group tended to be higher than
that in the Con group (Table 2).

In exp. 1, the activity and mRNA levels of amylase
were lower in the BC and HA groups than in the Con
and OA groups, and amylase activity in the OA group
was higher than that in the Con group (Fig. 1A, B).
Chymotrypsin activity was higher in the BC, OA, and
HA groups than in the Con group (Fig. 1C). Phosphor-
ylation levels of tyrosine residue in IRS and IRS-1 were
lower in the OA and HA groups and tended to be lower
in the BC group compared with those in the Con group
(Fig. 2B, C). Plasma insulin levels did not differ among
the groups, but correlated with the pY level of IRf
(r=0.411, P < 0.05) (Fig. 2A). Free AA concentra-
tions in the pancreas in exp. 1 are shown in Table 3. All
BCAA levels in the BC and HA groups were higher than
those in the Con and OA groups. All BCAA levels
correlated negatively with amylase mRNA levels (leu-
cine, r = —0.367, P < 0.05; isoleucine, r = —0.347,
P < 0.05; valine, r = —0.463, P < 0.01). Plasma AA
levels were also measured in exp. 1, and the differences
in BCAA levels among the groups were very similar to
those in the pancreas (data not shown).

In exp. 2, amylase activity was lower in the Leu and
HA groups and tended to be lower in the Ile, Val, and
BC groups than that in the Con group (Fig. 3A).
Amylase mRNA levels were lower in the Leu, Ile, and
HA groups and tended to be lower in the Val and BC
groups than in the Con group (Fig. 3B).
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Fig. 1. Pancreatic Amylase Activity (A) and mRNA Level (B), and
Chymotrypsin Activity (C) in Rats Fed a 20% AA Diet (Con), a Con
Diet Supplemented with BCAA (BC), a Con Diet Supplemented
with AA Other Than BCAA (OA), or a 60% AA Diet (HA) for 7d
(n=9).

Values are mean £ SEM. The intensity of amylase mRNA was
normalized by that of GAPDH mRNA, and values for the mRNA
level were compared with those of the Con group as 1. Values not
sharing a common letter are significantly different (P < 0.05).

Discussion

In the present study, we demonstrated that dietary
BCAA reduced pancreatic amylase activity associated
with a reduction in amylase mRNA levels (Fig. 1A, B).
In particular, dietary leucine and isoleucine may be
responsible for amylase mRNA levels (Fig. 3). It has
been reported that pancreatic amylase is regulated by
several factors, such as insulin,'®'> glucocorticoid,?*>”
and cholecystokinin (CCK).?> Reduction of amylase by
a low carbohydrate diet or a high protein diet has been
explained by lowered insulin secretion with a reduction
in dietary carbohydrate ingestion.'®!”? In this study,
however, the amylase mRNA level in the BC group was
as low as that in the HA group (Fig. 1A, B). The
carbohydrate level in the BC diet was similar to that in
the Con group, and was about 2-fold higher than that in
the HA diet (Table 1). Furthermore, BCAA levels in the
pancreas correlated negatively with amylase mRNA in
exp. 1 (Fig. 1B and Table 3). These results indicate that
pancreatic amylase activity and mRNA levels were
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Fig. 2. Plasma Insulin Content (A) and Phosphotyrosine (pY) Level
of Insulin Receptor B-Subunit (IRS) (B) and Insulin Receptor
Substrate-1 (IRS-1) (C) in Rats Fed a 20% AA Diet (Con), a Con
Diet Supplemented with BCAA (BC), a Con Diet Supplemented
with AA Other Than BCAA (OA), or a 60% AA Diet (HA) for 7d
(n=09).

Values are mean £ SEM. The intensity of the pY blot was
normalized with that of IRS or the IRS-1 band in (B) and (C)
respectively. Values for pY levels in IR and IRS-1 were compared
with those for the Con group as 1. Values not sharing a common
letter are significantly different (P < 0.05).

Table 3. Free BCAA Levels in the Pancreas in Rats Fed a 20% AA
Diet (Con), a Con Diet Supplemented with BCAA (BC), a Con Diet
Supplemented with AA Other Than BCAA (OA), or a 60% AA Diet
(HA) for 7d in Exp. 1!

Leucine Isoleucine Valine
Exp. 1 (nmol/g pancreas)?
Con 354+ 4.7° 1524230 47+ 4°
BC 853+ 12.1° 45.1£7.0* 119 £ 12*
OA 265+ 4.3° 9.54+2.3° 324+ 4°
HA 80.1 + 8.6° 36.3 £4.5° 102+ 7¢

! The respective diets were given for 7d ad libitum (n = 9).
2 Values are mean & SEM. Values not sharing a common superscript are
significantly different (P < 0.05).

influenced by dietary BCAA levels rather than by
dietary carbohydrate levels. In many cases, a low
carbohydrate diet is a high protein or a BCAA-rich
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Fig. 3. Pancreatic Amylase Activity (A) and mRNA Level (B) in
Rats Fed a 20% AA Diet (Con), a Con Diet Supplemented with
BCAA (BC), a Con Diet Supplemented with AA Other Than BCAA
(OA), a 60% AA Diet (HA), or Con Diets Supplemented with
Leucine (Leu), Isoleucine (Ile), or Valine (Val) for 7d (n = 6).

Values are mean = SEM. The intensity of amylase mRNA was
normalized with that of GAPDH mRNA, and values for the mRNA
level were compared with those for the Con group as 1. Values not
sharing a common letter are significantly different (P < 0.05).

diet.'6-232829) The present findings do not conflict with
previous results. BCAA may contribute to the reduction
of amylase by a high protein diet. On the other hand,
Amylase activity in the OA group was higher than that
in the Con group and the mRNA levels showed a similar
tendency (Fig. 1A, B). The mechanism is not clear.
Pancreatic BCAA levels in the OA group also tended to
be higher than those in the Con group, which was
possibly involved in the mechanism. But BCAA levels
in the BC group also tended to be higher than those in
the HA group without any difference of amylase activity
or mRNA level. To clarify this issue, further studies
should be done.

In this study, amylase activity and mRNA levels in
the OA group were not lower than those in the Con
group, whereas insulin signaling was impaired in the OA
group. Similarly, pY levels of IRA and IRS-1 did not
correlate with amylase mRNA levels (pY level of IRS:
r=20.014, P > 0.01; pY level of IRS-1: r=0.131,
P > 0.10). Possibly, the pancreatic amylase mRNA
level is not regulated by insulin action. In the early
period of feeding, however, the plasma insulin level
possibly increases in the OA group or decreases in the
BC and HA groups, and this might be responsible for the
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regulation of amylase mRNA levels. Although we also
examined changes in insulin levels in the early stages of
feeding, the relation of insulin levels in the early feeding
period to pancreatic amylase activity cannot be deter-
mined due to large variation in insulin levels (data not
shown). Because exogenous insulin'®'? and endoge-
nous insulin from transplanted B cells'® restored
amylase mRNA levels to a great extent in diabetic rats,
insulin is probably important for the maintenance of
amylase activity. But it has also been reported that
exogenous insulin does not stimulate pancreatic amylase
induction in normal rats.'®?? These controversial results
might be explained by the fact that basal insulin
secretion, diminished in diabetic rat, is necessary and
sufficient to express the amylase gene in normal rats.
These previous findings and our results in exp. 1 suggest
that pancreatic amylase gene expression depends on
dietary BCAA but not on dietary carbohydrate nor,
possibly, on plasma insulin levels in normal animals.

Impairment of the insulin signaling pathway has been
discovered in some cases.’*3? In some of these cases,
this may be due to a lowering of insulin secretion, and
others of these cases were reported as inhibition of pY
levels of IRAB under hyperglycemia and long-term
stimulation of tumor necrosis factor «,’? or inhibition
of pY levels of IRS-1 by phosphorylation of serine
residue of IRS-1 under excess activation of mTOR.3'-3%
In exp. 1, there was no difference in insulin levels
between the groups, and in the BC, OA, and HA groups,
pY levels of IRAB and IRS-1 were lower or tended to be
lower than those in the Con group (Fig. 2). The ratios of
sucrose content in the BC, OA, and HA diets to that in
the Con diet were 0.89, 0.57, and 0.42 respectively,
while the ratios of the insulin level in the BC, OA, and
HA groups to that in the Con group were 0.92, 0.61 and
0.52 respectively. Plasma insulin levels may be depend-
ent on sucrose content in the respective diets. As for pY
levels of IRS, they correlated with insulin levels and
may be responsible for insulin level (r=0.411,
P < 0.05). The pY level of IRS-1, however, did not
correlate with the insulin level or the pY level of IRB.
There is an mTOR activation pathway via IRS-1,431-3%
leading to protein synthesis. In some reports, long-term
stimulation of mTOR leads to inhibition of IRS-1
activity and degraded IRS-1,3'-3% which perhaps means
negative feedback regulation of excess stimulation of
the mTOR pathway via IRS-1. BCAA, of which much
was included in the BC and HA diets, may also stimulate
mTOR and perhaps inhibited IRS-1 activation in the BC
and HA groups. But in the OA group, which ingested
less BCAA than the HA group, the pY level of IRS-1
was similar to that in the HA group. Ingestion of BCAA
at the levels in the BC and HA diets may not weaken the
pY of IRS-1. Even though BCAA in the BC and HA
diets suppressed the pY levels of IRS-1, it may be
independent of amylase gene expression.

Some hormones regulate amylase gene expres-
sion,!®1325-2D and our previous study showed that

hyperCCKemia suppressed pancreatic amylase.”> But
other studies have shown that the adaptation of
pancreatic enzymes to a high AA diet did not depend
on CCK,?'?? and in the case of this study, CCK was
perhaps not involved in the suppression of amylase by
BCAA.

BCAA has some physiological functions.>™ Leucine
promotes protein synthesis via activation of mTOR in
some tissues.”” As shown in Fig. 1C, the BC diet
induced pancreatic protease to a certain extent. Our
previous study suggested that mTOR activation as
estimated by 4E-BP1 phosphorylation is involved in
pancreatic protease induction.”” BCAA is not catalyzed
in the liver,>® so most of the BCAA in the blood stream
might pass through the liver and be supplied to other
organs, including the pancreas, in which BCAA levels in
the plasma may reflect protein levels in diets more
directly than the other AA and possibly acts as a signal
of ingestion of high amounts of protein. Perhaps dietary
BCAA regulates both suppression of pancreatic amylase
mRNA levels and induction of pancreatic protease at the
translation stage via the mTOR pathway.

In conclusion, dietary BCAA, especially leucine and
isoleucine, down-regulate amylase mRNA levels in the
rat pancreas. The relation of insulin levels to pancreatic
amylase activity, however, remains unclear.

References

1) Smith, R. J., and Wilmore, D. W., Glutamine nutrition
and requirements. JPEN: J. Parenteral Enteral Nutr., 14,
945-99S (1990).

2) Xu, G., Kwon, G., Cruz, W. S., Marshall, C. A., and
McDaniel, M. L., Metabolic regulation by leucine of
translation initiation through the mTOR-signaling path-
way by pancreatic S-cells. Diabetes, 50, 353-360
(2001).

3) Xu, G., Kwon, G., Marchall, C. A., Lin, T., Lawrence, J.
C., Jr., and McDaniel, M. L., Branched-chain amino
acids are essential in the regulation of PHAS-I and p70
S6 kinase by pancreatic p-cells. A possible role in
protein translation and mitogenic signaling. J. Biol.
Chem., 273, 28178-28184 (1998).

4) Xu, G., Marchall, C. A. Lin, T., Kwon, G,
Munivenkatappa, R. B., Hill, J. R., Lawrence, J. C,
Jr., and McDaniel, M. L., Insulin mediates glucose-
stimulated phosphorylation of PHAS-I by pancreatic
beta cells. An insulin-receptor mechanism for autoregu-
lation of protein synthesis by translation. J. Biol. Chem.,
273, 4485-4491 (1998).

5) Anthony, J. C., Yoshizawa, F., Anthony, T. G., Vary, T.
C., Jefferson, L. S., and Kimball, S. R., Leucine
stimulates translation initiation in skeletal muscle of
postabsorptive rats via a rapamycin-sensitive pathway. J.
Nutr., 130, 2413-2419 (2000).

6) Anthony, J. C., Anthony, T. G., Kimball, S. R., and
Jefferson, L. S., Signaling pathways involved in trans-
lational control of protein synthesis in skeletal muscle by
leucine. J. Nutr., 131, 856S-860S (2001).

7) Tesseraud, S., Bigot, K., and Taouis, M., Amino acid



1072

8)

9)

10)

1)

12)

13)

14)

15)

16)

17)

18)

19)

20)

N. HasHiMoTO and H. HARA

availability regulates S6K1 and protein synthesis in
avian insulin-insensitive QM7 myoblasts. FEBS Lett.,
540, 176-180 (2003).

Li, C., Najafi, H., Daikhin, Y., Nissim, I. B., Collins, H.
W., Yudkoff, M., Matschinsky, F. M., and Stanley, C.
A., Regulation of leucine-stimulated insulin secretion
and glutamine metabolism in isolated rat islets. J. Biol.
Chem., 278, 2853-2858 (2003).

Anello, M., Ucclardello, V., Piro, S., Patane, G., Frittitta,
L., Calabrese, V., Giuffrida Stella, A. M., Vigneri, R.,
Purrello, F., and Rabuazzo, A. M., Chronic exposure to
high leucine impairs glucose-induced insulin release by
lowering the ATP-to-ADP ratio. Am. J. Physiol., 281,
E1082-E1087 (2001).

Korc, M., Owerbach, D., Quinto, C., and Rutter, W. J.,
Pancreatic islet-acinar cell interaction: amylase messen-
ger RNA levels are determined by insulin. Science, 213,
351-353 (1981).

Tsai, A., Cowan, M. R., Johnson, D. G., and Brannon, P.
M., Regulation of pancreatic amylase and lipase gene
expression by diet and insulin in diabetic rats. Am. J.
Physiol., 267, G575-G583 (1994).

Kim, S., Cuzzort, L. M., and Allen, E. D., Effects of age
on diabetes- and insulin-induced changes in pancreatic
levels of a-amylase and its mRNA. Mech. Ageing Dev.,
58, 151-161 (1991).

Lee, P. C., Jordan, M., Pierper, G. M., and Roza, A. M.,
Normalization of pancreatic exocrine enzymes by islet
transplantation in diabetic rats. Biochem. Cell Biol., 73,
269-273 (1995).

Trimble, E. R., Bruzzone, R., and Belin, D., Insulin
resistance is accompanied by impairment of amylase-
gene expression in the exocrine pancreas of the obese
Zucker rat. Biochem. J., 237, 807-812 (1986).

Johnson, T. M., Rosenberg, M. P., and Meisler, M. H.,
An insulin-responsive element in the pancreatic enhanc-
er of the amylase gene. J. Biol. Chem., 268, 464-468
(1993).

Schick, J., Verspohl, R., and Scheele, G., Two distinct
adaptive responses in the synthesis of exocrine pancre-
atic enzymes to inverse changes in protein and carbohy-
drate in the diet. Am. J. Physiol., 247, G611-G616
(1984).

Brannon, P. M., Adaptation of the exocrine pancreas to
diet. Annu. Rev. Nutr., 10, 85-105 (1990).

Hara, H., Akatsuka, N., and Aoyama, Y., Non-essential
amino acids play an important role in adaptation of the
rat exocrine pancreas to high nitrogen feeding. J. Nutr.
Biochem., 12, 450-457 (2001).

Snook, J. T., Dietary regulation of pancreatic enzymes in
the rat with emphasis on carbohydrate. Am. J. Physiol.,
221, 1383-1387 (1971).

Duan, R. D., Wicker, C., and Erlanson-Albertsson, C.,
Effect of insulin administration on contents, secretion,
and synthesis of pancreatic lipase and colipase in rats.
Pancreas, 6, 595-602 (1991).

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

Hara, H., Narakino, H., Kiriyama, S., and Kasai, T.,
Induction of pancreatic growth and proteases by feeding
a high amino acid diet does not depend on cholecysto-
kinin in rats. J. Nutr., 125, 1143-1149 (1995).

Hara, H., Hashimoto, N., Akatsuka, N., and Kasai, T.,
Induction of pancreatic trypsin by dietary amino acids in
rats: Four trypsinogen isozymes and cholecystokinin
messenger RNA. J. Nutr. Biochem., 11, 52-59 (2000).
Hashimoto, N., and Hara, H., Dietary amino acids
promote pancreatic protease synthesis at the translation
stage in rats. J. Nutr., 133, 3052-3057 (2003).

Cohen, S. A., Bidlingmeyer, B. A., and Tarvin, T. L.,
PITC derivatives in amino acid analysis. Nature, 320,
769-770 (1986).

Hara, H., Ohyama, S., and Hira, T., Endogenous
cholecystokinin plays a role in down-regulation of
pancreatic amylase independent of dietary carbohydrate
in rats. Regul. Pept., 99, 103-110 (2001).

Mossner, J., Sommer, C., Spiekermann, G., and Secknus,
R., Pancreatic enzyme synthesis and secretion are
independently regulated by insulin and glucocorticoste-
roids. Digestion, 46 Suppl 2, 208-216 (1990).

Harada, A., Lowering of pancreatic amylase activity
induced by cold exposure, fasting and adrenalectomy in
rats. Comp. Biochem. Physiol. A, 98, 333-338 (1991).
Takacs, T., Nagy, L., Pap, A., and Varro, V., The effect
of long-term administration of lorglumide (CR 1409)
on rat pancreatic growth and enzyme composition.
Pancreas, 5, 606-610 (1990).

Wicker, C., Puigserver, A., and Scheele, G., Dietary
regulation of levels of active mRNA coding for amylase
and serine protease zymogens in the rat pancreas. Eur. J.
Biochem., 139, 381-387 (1984).

Kroder, G., Bossenmaier, B., Kellerer, M., Capp, E.,
Stoyanov, B., Muhlhofer, A., Berti, L., Horikoshi, H.,
Ullrich, A., and Haring, H., Tumor necrosis factor-alpha-
and hyperglycemia-induced insulin resistance. Evidence
for different mechanisms and different effects on insulin
signaling. J. Clin. Invest., 97, 1471-1477 (1996).
Pederson, T. M., Kramer, D. L., and Rondinone, C. M.,
Serine/threonine phosphorylation of IRS-1 triggers its
degradation. Possible regulation by tyrosine phospho-
rylation. Diabetes, 50, 24-31 (2001).

Ishibashi, K., Imamura, T., Sherma, P. M., Huang, J.,
Ugi, S., and Olefsky, J. M., Chronic endothelin-1
treatment leads to heterologous desensitization of insulin
signaling in 3T3-L1 adipocytes. J. Clin. Invest., 107,
1193-1202 (2001).

Patti, M. E., Brambilla, E., Luzi, L., Landaker, E. J., and
Kahn, C. R., Bidirectional modulation of insulin action
by amino acids. J. Clin. Invest., 101, 1519-1529 (1998).
Torres, N., Lopez, G., Santiago, S. D., Hutson, S. M.,
and Tavor, A. R., Dietary protein level regulates
expression of the mitochondrial branched-chain amino-
transferase in rats. J. Nutr., 128, 1368—1375 (1998).



