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Dietary regulation of amino acid transport activity in the exocrine
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Dietary-induced alterations in exocrine pancreatic amino acid transport were investigated in rats adapted for
14 days to isocaloric diets of varying casein and carbohydrate content. The kinetics of unidirectional (15 s)
L-phenylalanine and L-lysine transport were measured relative to D-mannitoi (extracellular tracer) in the
perfused pancreas isolated from dietary adapted animals. In rats adapted to a 20% casein diet a weighted
non-linear regression analysis of phenylalanine transport (1-24 mM) indicated an apparent X, =94+ 1.1
mM and V,,, = 14.8 1 0.9 pmol /min per g pancreas (n = 6). Saturation of lysine transport occusred at
lower concentrations (0.05-10 mM) with an apparent X, = 2.40 + 0.09 mM and V,,, = 244 + 0.18 gmol /
min per g (n=6). The characteristics of phenylalanine transport were modified after adaptation to either
high (K, = 3.6 + 1 mM, V. =821 0.9 pmol /min per g, #=3) or low (K, =4.2+ 09 mM, ¥, =65+
0.5 gmol /min per g, n = 3) carbohydrate diets. Increasing the dietary protein content (0-45% casein) led to
a linear increase in the K, for phenylalanine transport whereas V., values remained unchanged. Unlike
phenylalanine, adaptation to a 0% casein diet significantly elevated the ¥, for lysine transport (4.82 1 0.21
pmol /min per g, n=4) without altering the K, (2.54 +0.23 mM). The present findings suggest that
changes in dietary composition induce select adaptive responses in the transport activities of System L
(phenylalanine) and System y * (lysine) in the basolateral membrane of the exocrine pancreatic epithelium.

Introduction [10-13]. Dietary control of pancreatic protein
synthesis is known to be mediated by rapid,
specific and teversible processes involving regu-
lation of cytoplasmic mRNA levels [9,14]. It re-
mains {0 be established whether changes in amino
acid transport are associated with dietary-induced
alterations in enzyme synthesis,

Previous studies in the perfused rat pancreas
revealed that starvation, a condition known to

Enzyme synthesis in the mammalian exocrine
pancreas appears to be directly influenced by di-
etary protein and carbohydrate intake {1-9), and
adaptation of pancreatic lipase synthesis is depen-
dent upon the amount and type of dietary fat
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reduce overall pancreatic protein synthesis (for
review, see Ref, 15), elevated L-phenylalanine
tranport [16} and increased pancreatic concentra-
tions of large neutral amino acids {17]. The fast-
ing-induced increase in phenylalanine transport
may have been due to adaptive regulation (see
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Refs. 18-21) and/or accelerated exchange diffu-
sion [22] of phenylalanine for accumulated in-
tracellular amino acid(s). Regulation of amino acid
transport by substrate deprivation has mainly been
ascribed to the Na*.dependent System A (see
Refs. 18-20), although other transporters in-
cluding System Gly, N and L also undergo adap-
tive regulation (for review, see Ref. 19). In CHO-
K1 celts Na*-independent System L transport ac-
tivity is modulated by leucine availability [21].
Conirol of System A appears to be transcriptional
[18] whereas control of System L may be transla-
tional [21).

In ihe presenti study we have examined-dietary
alterations in exocrine pancreatic amino acid
transport. Transport kinetics were measured for
the essential amino acids L-phenylalanine and /or
1-lysine in the perfused rat pancreas isolated from
animals adapted for 14 days to isocaloric diets of
different protein, fat or carbohydrate content. Pre-
liminary accounts of part of this work have been
communicated {23,24].

Materials and Methods

Ariimals and diets

Male Sprague-Dawley rats weighing either be-
tween 85 and 125 g or 195 and 210 g (0% casein
experiments) were housed individually in sus-
pended wire-bottomed cages. Animals were offered
water ad libitum and adapted for 14 days to
isocaloric powered diets containing varying

TABLE i

TABLE ]

COMPOSITION OF DIETS USED IN THE PRESENT
STUDY

Animals were allowed food and water ad libitum and groups of
animals were fed a given diet for 14 days prior 1o an experi-
ment. Values are g of each component per 100 g food. Abbrevi-
ations HCHO and LCHO refer respectively to high ard low
carbohydrate diets.

Component Casein HCHOQ LCHO
0% 10% 20% 45%
Casein* 0 10 2 4 15 15
Sugar 18 18 18 18 18 18
Corn starch 60 50 40 15 56 0
Corn oil 10 10 10 10 5 30
Cellulose 6 6 6 6 0 31
Vitaminmix® 2 2 2 2 2 2
Mineral mix* 4 4 4 4 4 4

® Amino acid content (%): lysine (0.85), methionine (0.54),
tryptophan (0.21), threonine (0.59), arginine (1), methionine
+cystine (0.81).

b Vitamins/100 g diet: Rovimix A325 (25 mg, Roche),
Rovimix A325/D; (1.5 mg), thiamine (1 mg), riboflavin (1
mg). B; (1 mg), By, (0.1 mg), Rovimix E25 (30 mg), K; (0.1
mg), folic acid (0.1 mg), nicotinic acid (6 mg), pantothenic
acid (4 mg), ascorbic acid (7.5 mg), choline bitartrate (0.18
£)

© Leinoals/106 g diet iron (0.17 mg), copper (1.5 mg),

manganese (18 mg), zinc (3 mg), iodine (0.1 mg), magnesinm

(0.3 g), sodium (14 p), chioride (0.8 g), potassium (0.8 g),

phosphate (0.74 g), calcium (2.1 g).

amounts of casein (0%-45%) and carbohydrate.
Table I summarizes the composition of each diet.

Each animal's weight gain or loss and daily
food intake were recorded throughout the dietary

EFFECTS OF ALTERED DIETARY CASEIN AND CARBOHYDRATE COMPOSITION ON WEIGHT GAIN OR LOSS AND
FOOD CONSUMPTION IN RATS FED THE RESPECTIVE DIETS FOR 14 DAYS

The dietary compositions and abbreviations are defined in Table 1. Food consumption was measured daily and is expressed as
grammes consumed per 100 g body weight per 24 h. Values denote mean + S.E. of measurements in () animals,

Casein HCHO LCHO
0% 10% 20% 45%
Initial weight (g) 19645 (8) 9342(12) 87+2(8) 106+3(12) 126£3(7) 135+4(7)
Final weight (g) 15945 N7+7 166+5 18545 199.+4 23249
Weight gain (g) ~-37%3 2445 1945 7843 733 9846
% Change -19 +26 +90 +75 +52 +72
Food consumed
(2/100 g per day) 8403 14406 1103 1103 11104 1204




adaptation period (see Table II). The initial weights
varied marginally to ensure successful isolation
and perfusion of the pancreas, and our previous
findings indicate that transport does not vary over
this weight range. As rats adapted to a 0% casein
diet lost weight, it was necessary to study animais
with an initial weight between 195 and 210 g. Fed
animals were anesthctized between 9 am. and 1
p.m. with sodium pentobarbitone (60 mg/kg
‘Sagatal’ i.p.), and supplementary anesthetic was
administered intravenously.

Isolation and perfusion of the pancreas

As previously described {16,23-27], the pan-
creas was perfused at constant flow {approx. 1.8
ml/min) with a heated (38°C), oxygenated
Krebs-Henseleit bicarbonate solution containing
2.5 mM p-glucose, bovine serum albumin (0.25%
w/v, Cohn Fraction V, Sigma Chemical Co,
Dorset, U.K.) and Dextran T70 (5% w/v, Meito
Sangyo Co., Japan). The pH, po,, and pco, of
arterial perfusates and the pancreatic venous ef-
fluent were monitored during experiments using
an ABL2 Acid-Base Laboratory (Radiometer,
Copenhagen, Denmark). Verous effluent samples
were collected 2t 10 min intervals in glass capillary
tubes and processed immediately. Pancreatic
oxygen consumption was estimated from: ( p,o, ~
Pv0,/ Pumosphere) * S+ F, where § is the solubility of
0, in water at 37°C and 760 mmHg and F is the
perfusion rate in ml/min per gram pancreas wet
weight. Basal O, consumption (9-10 pl/min per
g) remained constant over a 1 h perfusion interval
(Fig. 1) and was not altered after adaptation to
the different diets (data not shown).

Measurement of amino acid transport

Kinetics of pancreatic amino acid transport
were quantitated using a rapid dual tracer dilution
technique [28] previously applied in the perfused
pancreas [16,23-26]. Unidirectional uptake was
measured by comparing portal vein dilution curves
for a tritiated L-amino acid and b-[*C]mannitol
(extracellular tracer) following an intra-arterial in-
jection (100 p1/2 s) of perfusate containing both
tracer molecules:

uptake = 1—(L-[*H]amino acid/-[“C]mannital)
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Influx (¢) was calculated from the maximal frac-
tional L-[*H]amino acid uptake (U,,,,), flow (F,
ml/min per g) and the perfusate concentration
{C,) of unlabelled substrate (se¢ Refs. 16 and 25):

= - FI(1=Upa) G,

Pancreata were perfused for 4 min with six
concentrations of i-phenylalanine (1-24 mM,
Sigma) or L-lysine (0.05-10 mM, Sigma) before
measuring L-{*HJamino acid uptake in the con-
tinued presence of substrate. As in our previous
studies [16,25], Michaelis-Menten kinelic con-
stants were calculated using a single entry site
analysis which revealed the lowest weighted stan-
dard deviation of residuals {29].

Statistical analysis

Resulis are presented as means + standard er-
ror of the mean. Group differences in K, and ¥,
were evaluated using a one-way analysis of vari-
ance. Subsequently, an unpaired Student (-test
using the residual error of the analysis of variance
was employed to assess significance of differences
in K, and V,,,.

Radioactive molecules

L-[4-3H]Phenylalanine (23.5 Ci/mmol) was
purchased from Amersham International p.lc.
(UK. and r-{4,5-*H]lysine (97 Ci/mmol) and
p-[1-C]mannitol (53.4 mCi/mmol) from NEN,
Dreieich, F.R.G.

Results

Animals consumed between 8 and 14 g diet per
100 g body weight/day (Table I} during adapta-
tion (14 days) to each of the isocaloric diets (Table
1). With exception of the animals adapted to a 0%
casein diet, all other groups of animals gained
weight.

Unidirectional uptake and efflux of L-phenylalanine

In pancreata isolated from 20% casein adapted
rats L{*H]phenylalanine uptake was high (57 +
4%, n = 6) during perfusion with 1 mM substrate.
Unidirectional uptake was followed by rapid ef-
flux of *H-labelled substrate (see Fig. 1 in Ref.
25), and in kinetic experiments tracer uptake was
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Fig. 1. Oxygen consumption by the isolated perfused rat pan-
creas. Po, Pog, and pH levels in the arterial perfusate and
venous effluent were measured over a 70 min perfusion interval
using an ABL2 Acid-Base Laboratory. Mean arterial pH and
Peo, levels (n=13) are indicated by star symbols, and all
other values denote the mean 1 8.E. of measurements in 5-9
different preparations.

inhubited by increasing concentrations (1-24 mM)
of phenylalanine (data not shown).

Adaptation of phenylalanine transport to altered
carbohydrate content

Influx of phenylalanine conformed to Michae-
lis-Menten kinetics and was best described by a
single entry site analysis (Fig. 2). The kinetic data
from animals adapted to a 20% casein diet re-
vealeda K, =94+ 1.1mMand V_,, =148+ 09
pmol/min per g {mean+8.E, n=6 rats). An
Eadie-Hofstee transformation confirmed that in-
flux occurred via a single entry site (Fig. 2B).
After adaptation to a-diet low in carbohydrate and
high in fat, both the K, (4.2 mM) and V,, (6.8
pmol /min per g) for phenylalanine transport were
reduced. In rats adapted to a diet rich in carbo-
hydrate, the K, (3.6 mM) and V,_,, (8.2 pmol/min
per g) for phenylalanine transport were also de-
creased relative to values measured in rats fed a
20% casein diet (Table III). A one-way analysis of
variance using all six groups of data revealed
significant group differences for both K, and V,,,,f
Subsequent unpaired r-tests using the residual ¢r-

/

ror of the analysis of variance confirmed that the
characteristics of phenylalanine transport mea-
sured in rats adapted to a 20% casein diet were
significantly altered following adaptation to either
a high or low carbohydrate diet (Table III).

Effects of altered dietary protein content on phenyl-
alanine transport '

In the present study adaptation to reduced
dietary protein gradually lowered the X, for phen-
vialanine transport without significantly altering
the maximal transport capacity (Table III). Al-
though an analysis of variance revealed no signifi-
cant alterations, a weighted regression analysis
indicated that increases in dietary casein (0%-45%)
resulted in higher K, values for phenyalanine
transport (r=20.94, P <0.05). Moreover, the rate
constant (V,,,/K,} for phenylalanine transport
decreased from 2,15 (0% casein) te 1.47 following

b,
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Fig. 2. Adaptation of pancreatic L-phenylalanine transport to a
fow carbohydrate diet. Preparations were isolated from rats
adapted for 14 days 1o either a 20% casein (O ) or low
carbohydrate diet (® @) and perfused in vitro with six
different concentrations of L-phenylalanine (1-24 mM). (A)
Michaelis-Menten kinetic curves were obtained by a direct fit
to the mean influx values weighted for the reciprocal of their
respective standard errors. Values denote the mean+S.E. of
measurements in 3-6 animals, (B) Eadie-Hofstee analysis of
phenylalanine transport. Data denote mean values and lines
were obtained using a linear regression analysis.




adaptation to a 45% casein diet (Table III). When
compared with the 20% casein diet, adaptatior: to
45% casein had negligible effects on the V,, or
V.ux/ K, r1atio for phenylalanine transport.

Adaptation of L-lysine transport to a 0% casein diet

Influx of the essential basic amino acid 1-lysine
was saturable at lower substrale conceatrations,
and a weighted Michaelis-Menten analysis (Fig.
3A) revealed a K, =24440.18 mM, V,, =240
+0.09 pmol/min - g and V,,, /K, =098 (n=6).
An Eadie-Hofstee transformation of the control
influx measurements confirmed that uplake oc-
curred via a single entry site (Fig. 3B). Our previ-
ous studies in the perfused rat pancreas [23] sug-
gested that influx of lysine and other basic amino
acids was mediated largely by a cationic amino
acid transporter resembling System y* described
in hepaiocyies {30).

Lysine transport was also measured in rats
adapted to a 0% casein diet. A shown in Fig, 3,
adaptation to a 0% casein diet had no effect on
the K, (2.54 £0.23 mM, n=4) for iysine trans-
port but doubled the transport capacity (¥, =
4.82 +0.21 pmol/min.g) and the ¥, /K, ratio.
Moreover, iysine transport was siiii mediated by a

TABLE 1l

DIETARY REGULATION OF PANCREATIC 1-PHENYL-
ALANINE TRANSPORT

The kinetics of rapid (approx. 15 s) phenylalanine influx were
quantified using a single weighted Michaelis-Menten analysis
(see Methods). The V,,,, /K, ratios for each experimental
condition are tabulated for comparison. Values denote the
mean £ S.E. of between 18 and 31 measurements in 36 animals.
An unpaired -test using the residual error from an analysis of
variance was applied to assess the differences in K, or ¥,
with respect to the group fed a 20% casein diet,

Condition n K, (mM) Voax (pmel/ V. /K,
min per g)
0% Casein 4 69+12  149%12 215
10% Casein 6 92114 180+15 1.96
20%Casein 6 94%11 148109 157
45% Casein 5 11318 16715 147
LowCHO 3 42109 68+05° 1.62
HighCHO 3 36+10° 82109° 227

Comparison with 20% casein diet: " P < 0.05,° P <0.01,° P <
0.001.
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Fig, 3. Adaptation of parcreatic lysine transport to a 0% casein
diet. Kinetics of L-lysine ransport was measured during perfu-
sion of isulated preparations with six substrate concentrations
(0.5-10 mM). Control diet (O 0), 0% casein diet
[ B). (A) Michaelis-Menien kinetic curves were ob-
tained as described in the legend to Fig. 2. Values denote the
mean + S.E. of measurements in 4-6 animals, (B) Eadie-Hofs-
tee analysis of lysine transport. Data denote mean vaiues and
lines were obtained using a linear regression analysis.

single entry site. We have not yet examined the
effects of altered carbohydrate intake on lysine
uptake nor the reversibility of dietary-induced
changes in iysine (0% casein diet) or phenylaianine
(high and low carbohydrate dicts) transport.

Di .

The present findings indicate that amino acid
transporters in the basolateral membrane of the
pancreatic epithelium are modulated differently
by altered dietary intake. The maximal transport
rate of System L (phenylalanine) appeared to be
inhibited after adaptation to diets of high carbo-
hydrate (Table III) and low carbohydrate (high
fat) content (Fig. 2). Depletion of dietary protein
appears to have selectively reduced the K, for
phenylalanine transport (Table II1) and doubled
the ¥,,, for lysine transport via the cationic Sys-
tem y* (Fig. 3).

Adaptation to changes in dietary carbohydrate
An increased intake of dietary carbohydrate
results in adaptive changes in the pancreatic con-
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tent of active cytoplasmic mRNA levels and en-
zyme synthesis [9]. A 3.6-fold increase in the ratio
of amylase:serine proteinases was measured by
these authors in isolated rat pancreatic lobules. By
contrast, mRNAs ceding for lipase and pro-
carboxypeptidases were unaffected by these nutri-
tional manipulations. Further studies are required
to establish whether the observed seduction in the
Viner for phenylalanine transport (Table III) is
corvelated with decreased levels of serine pro-
teinases or altered amino acid mctabolism,

A high carbohydreie diet induced complex
.¢hanges in phenylalaaine transport. Although the
K, and V,,, decreased following adaptation to a
high carhohydrate diet (Table III), the more sig-
nificant index of rate (V,,,./K,) increased 1.4-fold
with respect to the 20% casein diet. In intestinal
brush-border membrane vesicles prepared from
rats adapted to a high carbohydrate diet X, and
V.. values for leucine transport were also re-
duced when compared with values from rats
adapted to a high protein diet [31]. As our experi-
mental protocols utilized isocaloric diets, it is dif-
ficult t¢ assess whether the reductions in protein
and fat in the high carbohydrate diet also affected
transport. Elevated carbohydrate intake is known
to stimulate insulin secretion [32}, however, pan-
creatic phenylalanine transport was previously
shown to be insulin-insensitive [16).

In the low carbohydrate diet corn starch was
replaced by enhanced amounts of corn oil and
cellulose (Table I). Under these conditions only
the V. for phenylalanine transport was signifi-
cantly reduced compared to animals fed a 20%
casein diet (Table III). In contrast to the high
carbohydrate dict the transport index V¥, /K,
remained unchanged. Concurrent chromato-
graphic studies in the pancreas in vivo have re-
vealed that essential and non-essential intracellu-
lar amino acid levels are markedly reduced follow-
ing adaptation to either low or high carbohydrate
diets (Mufioz, M., Emery, P.W. and Mann, G.E,,
unpublished data). Under these conditions ex-
change diffusion of phenylalanine would be in-
hibited.

Release of cholecystokinin from the duodenum
in response to increased dietary fat (LHCO diet)
and protein intake stimulates pancreatic enzyme
secretion [33] and may modulate pancreatic amino

acid transport. We recently reported that
carbachol, a cholinergic secretagogue with similar
actions to cholecystokinin, rapidly inhibited influx
and accelerated efflux of System A amino acids in
the exocrine pancreatic epithelium [34).

Adaptation to changes in dietary protein

In rats adapted for 12 days to a protein-free
diet total pancreatic enzyme synthesis has been
reported to decrease by 30%, and yet synthesis of
acidic proteinase zymogens such as trysinogen 1
and 2, chymoirypsinogen 1, proelastase 1 and
procarboxypeptidases A and B is markedly en-
hauced [8]. These authors concluded that dietary
adaptation to zero protein was under genetic con-
trol and prepared the animal for survival during
periods of protein deprivation. Decreases in di-
etary casein has no significant effects on the V_,,
or K, for phenylalanine transport in the pancreas
(Table III), although the value of V. /K, in-
creased 1.5-fold as dietary casein intake was re-
duced from 45% to 0%. The observed changes in
V..ax/ K, appeared to be mediated by an increase
in the substrate affinity of the transport system.
Such an adaptation would facilitate substrate up-
take at lowered plasma amino acid concentrations,
In contrast to phenylalanine, the ¥, for lysine
doubled (Fig. 3) after adaptation to a 0% casein
diet suggesting an increase in the number of func-
tional memrane carriers,

During development amino transport in the rat
pancreas undergoes significant changes, and sub-
sequent to birth there is a rapid increase in trans-
port associated with food intake [35]. This in-
creased rate of amino acid transport may be re-
lated to dietary-induced changes in the synthesis
of pancreatic digestive enzymes [3]. In hepatocytes
leucine and alanine transport were shown to in-
crease markedly in rats fed a high protein (90%
casein) diet [36]. It was suggested that adaptation
to the 90% cascin diet enhanced the transport
activity of the small neutral amino acid carrier
System A, since neither System L nor System ASC
exhibited any significant changes. The adaptative
response for leucine, normally transported by a
large neutral System L, was partly attributed to an
adaptation of enzymes of leucine catabolism [36).

The present findings suggest that System L
transport activity in the exocrine pancreas is in-



fluenced not only by fasting and refeeding [16] but
also by alterations in dietary protein and carbo-
hydrate intake. Unlike phenylalanine, lysine trans-

port via a cationic membrane carrier resembling

System y* (see Ref. 30) is stimulated after adapta-
tion to a 0% casein diet. We have yet not de-
termined whether these dietary-induced changes in
precursor amino acid uptake are the consequence
of altered pancreatic amino metabolism and/or
digestive enzyme synthesis.

As reviewed by Dagorn [37], pancreatic adapta-
tion to dietary changes occurs at the level of
expression of genes coding for different pancreatic
proteins. Changes in the relative rates of protein
synihesis occur within 2-4 h [5] and moreover,
different mechanisms may be involved in regulat-
ing adaptation of pancreatic protein synthesis to
high carbohydrate or high protein diets [6]. It is
interesting that changes in pancreatic enzyme ac-
tivities identified in rats adapted to a high fat diet
appear to be associated with a depressed acinar
cell transport and metabolism of glucose [38] and
a decreased intracellular pool size for phenyl-
alanine [39]. As amino acid availability and fasting
appear to modulate amino acid transport
[16,18-21,36], nutritionally-induced changes in the
characteristics of basolateral amino acid trans-
porters imay influence the synthesis of pancreatic
dige: tive enzymes.
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