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INTRODUCTION

Since the report of Pavlov (66) in the early 1900s, the adaptation of the
exocrine pancreas to dietary changes in various species, including the rat (29,
34, 74), dog (4), pig (15, 26), and chicken (41), has been described. The
content in both pancreatic tissue and its secretions (5, 7) of the major digestive
enzymes, proteases, amylase, and lipase, changes in proportion to the dietary
content of their respective substrates, protein, carbohydrate, and fat (29, 34,
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35, 74). Pancreatic adaptation occurs through changes in the synthetic rates
(17, 75, 76, 99) and mRNA levels (30, 31, 101, 102). Cholecystokinin
(CCK), through the negative feedback regulation of its secretion by dietary
protein and peptides, appears to be thc mediator of the adaptation of the
proteases. Various hormones and metabolites are proposed mediators of the
adaptation of pancreatic amylase and lipase, but the mechanisms by which
dietary carbohydrate and fat regulate these enzymes are not yet known.

The physiologic significance of pancreatic adaptation to diet is unclear.
Teleologically, the coordinate regulation of a digestive enzyme by its dietary
substrate would optimize digestion and utilization of that substrate, but the
pancreas normally synthesizes and secretes a 10-fold excess of digestive
enzymes (23). Protein digestibility correlates (r = 0.998) with increasing
chymotrypsin activity induced by increasing dietary protein (51), but changes
in digestibility are small (94-97.5%). As yet, the physiologic significance of
pancreatic adaptation has not been determined.

After a brief description of the exocrine pancreas, this review focuses on
pancreatic adaptation to dietary protein, carbohydrate, and fat, particularly on
the effects of the amount and nature of these dietary components. The
mechanisms by which these dietary components alter pancreatic gene expres-
sion and the proposed hormonal and nutritional mediators of pancreatic
adaptation are discussed.

THE EXOCRINE PANCREAS

The pancreas contains 90-95% exocrine tissue and only 2-3% endocrine
tissue. The exocrine acinar cells synthesize and secrete digestive enzymes, as
much as 6-20 g daily in humans (78). The ductal cells secrete bicarbonate-
rich fluid, and the endocrine islets of Langerhans secrete the hormones
insulin, glucagon, somatostatin, and pancreatic polypeptide. Together, the
exocrine and endocrine pancreas enable the digestion and utilization of in-
gested food.

Morphology

Acinar cells clustered in three-dimensional arrays known as acini surround a
lumen, whereas ductal cells line the ducts. The islets of Langerhans are
scattered throughout the acini.

ACINAR ULTRASTRUCTURE Acinar cells exhibit typical epithelial polarity.
The plasma membrane of the acinar cell is surrounded by an extracellular
matrix containing collagen type IV, laminin, and proteoglycans (45), and the
basal portion of the cell contains its nucleus and copious rough endoplasmic
reticulum (RER). The apical membrane of the cell faces the lumen of the duct
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into which secretion occurs, and the apical portion of the cell contains the
Golgi apparatus and the secretory vesicles, zymogen granules (ZG). Acinar
polarization reflects the unidirectional flux of digestive enzymes during their
synthesis and secretion.

Between acinar cells are gap junctions (45) through which small molecules
can pass and may regulate neighboring acinar cells. Supporting such in-
tercellular regulation is the increased basal secretion that occurs when gap
junctions are disrupted (57) and the greater secretagogue responsiveness of
acini (67).

RELATIONSHIP TO THE ENDOCRINE PANCREAS Acini nearest the islets of
Langerhans (periinsular acini) exhibit different morphology from more distant
acini (teleinsular acini) (55, 103). Periinsular acini have larger cells, which
contain larger nuclei and more ZG (38). These changes in the periinsular acini
are proposed to result from enhanced exposure to insulin (103) or glucagon
(55).

Blood flow in the pancreas supports a potential islet-acinar axis (103).
Arterial blood flows into the islets and exits into the exocrine tissue through
acinar capillaries, but the magnitude of this arterial blood flow ranges from 25
to 100% in different species. Thus, acinar cells potentially encounter much
higher concentrations (10- to 20-fold) of pancreatic hormones than peripheral
cells do (44). This islet-acinar axis may be important for the integrated action
of the pancreas in digestion.

Digestive Enzymes

SYNTHESIS AND SECRETION In the nucleus, mRNAs for these enzymes are
transcribed and translocated to the cytoplasm. Translation begins on free
ribosomes but continues on the RER through the interaction of the signal
peptide encoded in the N terminus of these mRNAs, a signal peptide recogni-
tion particle (SRP) found free in the cytoplasm, and the SRP receptor (SRPR),
an integral endoplasmic reticulum (ER) membrane protein. Signal peptides
are highly hydrophobic but heterogeneous sequences (22) to which SRP (a
complex of a 7SL RNA and six polypeptides) binds. Translation is delayed
(98), and the ribosome-mRNA-nascent peptide-SRP complex then binds to
the SRPR in the ER. Once complexed to the RER, the SRP dissociates from
the complex in a GTP-dependent manner (13). As translation proceeds, the
nascent peptide is translocated through the ER membrane, possibly through a
proposed “translocon” membrane pore (98).

Intraluminally, signal peptidases cleave the signal peptides; the nascent
proteins are further processed. In the Golgi complex, the secretory proteins
are segregated from lysosomal and plasma membrane proteins (68); they
leave the trans-Golgi complex in condensing vacuoles (64). Condensing



Annu. Rev. Nutr. 1990.10:85-105. Downloaded from www.annualreviews.org
by Central College on 01/05/12. For personal use only.

88 BRANNON

vacuoles mature into ZG by concentrating their contents. The ZG, which
serve as storage vesicles and exocytosis vehicles, move toward the apical
membrane, where the ZG membranes fuse by an unknown process with the
apical membrane and release their contents into the ductal lumen.

Acinar secretion is regulated by the interaction of secretagogues with two
classes of receptors that differ in their stimulus-coupling mechanisms (28).
One class acts through a phosphatidylinositol- and calcium-mediated pathway
(62, 93, 104), and the other class acts through a cyclic AMP (cAMP)-
mediated pathway (42). Four receptors of the former class exist (on the basis
of their ligand specificity): the CCK, bombesin, physalaemin, and
muscarinic/cholinergic receptors. Two receptors of the latter class exist: the
vasoactive intestinal polypeptide—preferring and secretin-preferring receptors.
Both classes of receptors generate signals that alter the phosphorylation of
regulatory or structural proteins, but these distal steps in stimulated secretion
are not understood.

FUNCTION The pancreatic digestive enzymes hydrolyze macromolecules in
food into smaller molecules that can be absorbed. Proteins, starch, and
triglycerides make up the majority of the macromolecules in food and are
hydrolyzed by the major pancreatic enzymes: the serine proteases, amylase,
and lipase, respectively.

The pancreatic serine proteases, a family of endopeptidases, share a similar
three-dimensional structure (85) and contain a reactive serine in the active
site. Trypsin and chymotrypsin are the predominant pancreatic serine pro-
teases, with elastase and kallikrein present in smaller amounts. Trypsin (EC
3.4.21.4) has several isozymes, depending on the species, and cleaves pep-
tide bonds between basic amino acids (arginine and lysine) and the next amino
acid (78). Secreted as an inactive precursor (zymogen), trypsinogen is acti-
vated (37) by the cleavage of an N-terminal octapeptide by enteropeptidase or
by activated trypsin. Trypsin activates other pancreatic zymogens, including
proteases and colipase. Chymotrypsin (EC 3.4.21.1) has multiple isozymes,
depending on the species, and cleaves peptide bonds between aromatic resi-
dues (phenylalanine, tyrosine, and tryptophan) and the next residue (78).
Chymotrypsinogen is activated by tryptic cleavage of four peptide bonds,
releasing two small peptides, while the remaining three peptides are held by
disulfide linkages (61). The resulting products of these proteases are oli-
gopeptides, with specific C-terminal amino acids, that are subsequently hy-
drolyzed by intestinal oligopeptidases.

Amylase (EC 3.2.1.1) is secreted in its active form and hydrolyzes a-1,4-
glucosidic bonds in oligosaccharides with at least four subunits (80). It binds
five a-1,4-linked glucose residues and rapidly cleaves the glucosidic linkage
between the second and third residues, forming maltose and small oligosac-
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charides (81), which are further hydrolyzed by intestinal glucosidases prior to
absorption.

Pancreatic lipase (EC 3.1.1.3) is secreted in its active form (78) and acts at
lipid/water interfaces to hydrolyze triglycerides at the sn-1 and sn-3 positions.
Lipase has a histidine residue in its catalytic site and a serine residue active in
its interfacial binding site (12). It has a complex interaction with bile salts,
which shift its pH optimum to pH 6-7 and inhibit its activity (8), possibly by
displacing it from the surface of the emulsified triglyceride. Colipase, a small
pancreatic peptide (10,000 daltons), reverses this inhibition by bile salts,
possibly by allowing lipase access to its interfacial substrate (8, 9). Colipase
is secreted as procolipase, which is activated by N- and C-terminal tryptic
cleavage (9). Pancreatic lipase is maximally activated by a 1:1 molar ratio
with colipase, but the two proteins are secreted in a 0.5 ratio (colipase:lipase)
(24). The products, monoglycerides and free fatty acids, partition into mixed
micelles, cross the unstirred water layer, and are absorbed by the enterocyte.

PANCREATIC ADAPTATION TO DIETARY
COMPONENTS

Pancreatic adaptation to dietary protein, carbohydrate, and fat has been
investigated widely in various species, but unless stated otherwise, results
discussed here are from rats. The consensus of these studies is that proteolyt-
ic, amylolytic, and lipolytic content and synthesis change proportionately in
response to the amounts of their respective dietary substrates protein, carbo-
hydrate, and fat (Table 1). The magnitude of these adaptive changes is similar
whether expressed as enzyme activity per pancreas, per gram of pancreas, or
per milligram of pancreatic protein (83, 86).

The kinetics of these adaptations are similar. Changes in content begin in
the first 24 h after the dietary change and continue until 5-7 days, when new
steady-state levels are reached (7, 102). Changes in synthetic rates precede
those in content. Within the first 2 h after a dietary change, the synthetic rates
of amylase and the proteases change (17). By 24 h after starting a high-protein
(HP) diet, chymotrypsinogen and trypsinogen synthesis increases by 70 and
50%, respectively, and amylase synthesis decreases by 25% (17). Synthetic
rates continue to change more slowly thereafter until day 9 for chymotrypsin
and trypsin (300 and 200%) and until day 5 for amylase [60% (49)]. By 24 h
after starting a high-carbohydrate (HC) diet, amylase synthesis increases by
15% and continues to increase (200%) until day 3, whereas chymotrypsino-
gen and trypsinogen synthesis decreases by 25% and continues to decrease
(50%) until day 5 (49). By 24 h after starting a high-fat (HF) diet, lipase
synthesis increases by 36% and continues to increase (217%) until day 5,
whereas amylase synthesis decreases by 17% and continues to decrease (61%)
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Table 1 Pancreatic adaptation to dietary components®

Adaptive response

Stimulus Proteases Amylase Lipa
Content Content Content
and and and
Dietary Intravenous synthesis ~ mRNA  synthesis mRNA  synthesis
Protein, oligo- none A A v v —°
peptides
Starch, glucose® Glucose Ve Ye A A e
Triglycerides, Triglycerides —b ND Y —* A

fatty acids

“When responses conflict, the majority effect is indicated.

® Unchanged.

“ND, not determined.

9Sucrose and fructose are less effective than starch.

¢Qbserved when dietary carbohydrate increased at the expense of protein.
fObserved when dietary carbohydrate increased at the expense of fat.

until day 5 (100). Adaptation of synthetic rates exhibits a rapid change in the
first several hours after the dietary change and a prolonged, slower change
thereafter until days 3-9, when new steady-state rates are established. These
adaptations to diet are then maintained long-term in the rat [9 months (39)]
and pig [l month (26)].

Caution must be used in comparing synthetic rates of individual enzymes or
total protein among dietary groups because of the demonstrated dietary effects
on the specific activity (expressed as dpm per mole of labeled amino acid) of
pancreatic amino acid pools in vivo (91) and in vitro (11). HP diets decrease
the [*H]leucine specific activity by 50% in vivo, whereas HF diets increase
the [®H]phenylalanine specific activity by 30% in vitro. The synthetic rates
discussed above are compared as relative rates (the ratio of labeled amino acid
incorporated into the specific ‘enzyme to that incorporated into total protein);
this technique eliminates the problem of differing specific activities among
dietary treatments.

Protein

In response to HP diets (64-71% casein), the trypsinogen and chymotrypsino-
gen content increases by 80-600% (5, 7, 34, 43, 74, 76, 79, 87, 88, 91),
while their synthesis also increases by 250-1800% (69, 75, 76, 91). This
adaptive response increases as the amount of dietary protein increases from 10
to 80% casein (51, 84, 95). The quality of dietary protein also affects this
adaptation. Increasing the intake of high-quality proteins such as casein or
fish protein increases chymotrypsinogen, whereas increasing the intake of
low-quality proteins such as gelatin or zein does not (43). If dietary zein is
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supplemented with its two most limiting amino acids, lysine and tryptophan,
adaptation of chymotrypsinogen occurs (43). Furthermore, whole-egg protein
increases chymotrypsinogen more than casein does (87), in part because of its
higher biological value and in part because of its content of trypsin inhibitor
(88) (see below for further discussion of trypsin inhibitors). Supplementation
of casein with methionine improves its biological value and increases chymo-
trypsinogen (88). Thus, sufficient availability of the essential amino acids is
required for pancreatic adaptation.

Hydrolyzed protein consisting of oligopeptides affects protease content and
synthesis to the same degree that the intact protein does (43, 95). Neither
consumption of an amino acid mixture identical to that contained by the intact
protein (43, 95) nor intravenous infusion of amino acids (50) affects the
proteases. The adaptation of proteases to dietary protein requires intact pro-
tein or small peptides and does not involve the end products of their digestion,
namely, amino acids.

This pattern of adaptation to dietary protein changes when severe protein
malnutrition is induced by a nitrogen-free or protein-free diet. A nitrogen-free
diet fed to rats decreases the content of chymotrypsinogen (by 75%), trypsino-
gen (by 50%), and amylase (by 72%) (87); and a nitrogen-free diet fed to pigs
decreases the content of chymotrypsinogen (by 30%), amylase (by 35%), and
lipase (by 23%), but not trypsinogen (14). A protein-free diet compared with
a protein-sufficient diet (22% casein) decreases the synthesis of amylase and
the cationic protease isozymes but paradoxically increases the synthesis of the
anionic protease isozymes (84). The decreased content and synthesis of most
enzymes during protein deprivation may reflect limited availability of es-
sential amino acids and an adaptive response to spare amino acids for other
tissue. The paradoxical increase of the anionic protease isozymes is proposed
as a protective mechanism to ensure the availability of proteases to digest any
consumed protein (84).

Carbohydrate

In response to a HC diet (65-73% of the total energy content as carbo-
hydrate), the amylase content increases by 50-500% (5, 21a, 34, 69, 75, 76,
79, 89), while its synthesis increases by 200--800% (43, 56, 75, 76, 99). This
adaptive response increases as the level of dietary carbohydrate increases at
the expense of dietary fat (82, 89, 99) or protein (84); which implies a
response primarily to the amount of carbohydrate. Maximal response of
amylase content and synthesis occurs when dietary carbohydrate is 58~71% of
the total energy content, provided that the dietary protein content is adequate
(82, 84, 89, 99). Even a modest reduction of protein intake to 10% casein
decreases amylase synthesis slightly [by 24% (84)]. Supplementation of a
15% casein HC diet with methionine improves the quality of the protein and
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increases the amylase content (by 260%) with no change in carbohydrate
intake (87). Although amylase adapts primarily to the amount of dietary
carbohydrate, this adaptation requires adequate availability of essential amino
acids.

Many different carbohydrates (complex carbohydrates, disaccharides, and
monosaccharides) affect pancreatic amylase levels. Dietary starch and glu-
cose increase the amylase content similarly (21a, 40, 79), whereas sucrose
and fructose increase the amylase content less than starch does (40). Lactose
and galactose do not affect the pancreatic amylase content (21a). In general,
dietary carbohydrates that lead to maximal increases in postprandial blood
glucose levels also lead to maximal adaptation of amylase.

Intravenous infusion of glucose increases the pancreatic amylase content,
whereas infusion of lipid decreases it (50). Also supporting a role of the end
product of starch digestion in amylase adaptation is the decrease in the
amylase content when starch digestion is inhibited (27). This response of
amylase to oral or intravenous glucose contrasts the nonresponse of the
proteases with oral or intravenous amino acids.

Triglyceride

In response to a HF diet (41-75% of total energy as triglyceride), the lipase
content increases by 170-800% (3, 21a, 29, 32, 60, 63, 79, 82, 83, 97, 99),
and its synthesis increases by 200% (99). Why earlier studies of adaptation
reported that dietary fat does not affect lipase is unclear (34, 74), but these
studies predate the knowledge of lipase-colipase interactions and may have
underestimated lipase levels because the assay used to measure lipase activity
contained no additional colipase and the tissue homogenates may have con-
tained insufficient colipase for full activation of the lipase present. Pancreatic
lipase responds to dietary fat whether the fat content is increased at the
expense of dietary protein (21a, 79) or carbohydrate (82, 99), implying that
the primary effector is dietary fat. The response of lipase to the amount of
dietary fat varies among the studies. These studies are difficult to compare
because of their use of different fats and, in some cases, nonisocaloric diets,
which can alter the intake of micronutrients, as the intake decreases with
increasing fat content. In addition, some studies analyzed the effect of varying
fat intake by Student’s ¢ test comparisons among the low-fat (LF) control diet
and other diets instead of by using the more appropriate analysis of variance
(ANOVA). Ouagued and co-workers (63) found increased lipase levels with
61% of total energy as lard but not with 16%. Saraux et al (83) found
increased lipase levels with 45% or more of total energy as corn oil but not
with 27% or less. Sabb and co-workers (82) found increased lipase levels with
54% or more of total energy as corn oil but not with 47% or less. Two studies
reported increased lipase levels with increased fat content after analyzing their
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data by Student’s ¢ test. Wicker and co-workers (99) reported a significant
increase in the lipase content and synthesis when the amount of sunflower oil
was increased from 7.4 to 74% of total energy. When reanalyzed by AN-
OVA, lipase content and synthesis are significantly increased by 49% or more
dietary fat but not by 25% or less (unpublished data). Bazin et al (3) reported
an increasing lipase content as the dietary lard level was increased from 9 to
72% of kcal; these increases are also significant when the data are reanalyzed
by ANOVA (unpublished data). Although lipase adapts to increasing dietary
fat levels, there may be a threshold of fat content below which there is little
adaptation and above which there is significant adaptation.

Considerable controversy exists whether the adaptation of lipase is affected
by the type of dietary fat, i.e. its degree of saturation or its chain length.
Deschodt-Lanckman and co-workers (21a) reported a twofold-greater re-
sponse of lipase to unsaturated dietary fats than to saturated fats, although
both types of fat increased the lipase content compared with a LF diet.
However, the more highly unsaturated sunflower oil (polyunsaturated/
saturated ratio = 6.5) increases the lipase content less than the equivalent
amount of corn oil (P/S ratio = 4.6). In contrast, Saraux et al (83) found no
difference in lipase adaptation to the highly saturated butter fat (P/S ratio =
0.1) and highly unsaturated sunflower oil. Rather, long-chain triglycerides
increased the lipase content more than medium-chain triglycerides did. Sabb
et al (82) reported equivalent adaptation to saturated and unsaturated fats and
to long-chain and medium-chain triglycerides when the total fat content is
high (67% of total energy). However, when dietary fat content is moderate
(40-44% of total energy), only the highly unsaturated safflower oil (P/S ratio
= 7.9) increases the lipase content in the rat [by 160% (82)] and the pig by
170% (86)]. Finally, monounsaturated oleic acid increases the lipase content
more than saturated palmitic acid does when fed as 55% of kcal (3). Both the
type and amount of dietary fat influence the adaptation of pancreatic lipase,
and these two factors interact. Unsaturated fat induces lipase more than
saturated fat does when dietary fat intake is moderate and the lipase content is
not maximal, but it is generally not more effective when dietary fat intake is
high and the lipase content is maximal.

Dietary fatty acids also increase pancreatic lipase levels (3, 21a). Oleic acid
as 37% of total energy increases the lipase content equivalently to olive oil
(21a), whereas oleic acid as 55% of total energy increases the lipase content,
but to a lesser extent than does the triglyceride lard (3). Unfortunately, in the
latter study, dietary oleic acid (C,g.;) was compared with lard, which contains
23% stearic acid (C1g.0) and 33% oleic acid, but was not compared with olive
oil, which contains 65% oleic acid. Oral consumption of dietary fat is not
required for the adaptation of lipase. Constant intravenous infusion of emulsi-
fied triglyceride increases the lipase content comparably to a HF diet (50).
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The adaptation of lipase resembles that of amylase and not the proteases, in
that the end product of its hydrolysis or intravenous delivery of the absorbed
product of fat digestion affects lipase as well as its intact substrate.

Adaptation of colipase to dietary fat is controversial. Two studies report no
adaptation to increasing fat levels (63, 97), whereas four other studies report
an adaptation (32, 60, 83, 99). When adaptation to dietary fat is seen,
colipase responds less strongly than lipase (60), leading potentially to less
than fully activated lipase in the lumen. The correlation coefficient of colipase
with fat intake is 0.63 but is even stronger (0.85) with protein intake (83).
Ouagued and co-workers (63) also report adaptation of colipase to increasing
dietary protein levels. Unlike lipase, then, colipase adapts to both dietary fat
and protein, but whether fat and protein interact in this adaptation is un-
known.

MECHANISMS OF ADAPTATION TO DIET

The mechanism by which dietary macronutrients alter the expression of
specific pancrcatic enzymes can occur at the level of the gene (transcription),
its mRNA (processing, extranuclear transport, or cytoplasmic stability), and
its translation. Recent studies of pancreatic adaptation focus on mRNA levels,
stability, and translation; evidence supports a pretranslational mechanism of
dietary regulation of pancreatic gene expression (18, 30, 31, 100, 102).

Another facet of the adaptive mechanisms is how the luminal content of a
dietary macronutrient alters pancreatic gene expression. Clearly, mediators of
this adaptation must exist that signal the dietary composition to the acinar cell
(48). Three basic types of mediators are possible: (a) gastrointestinal hor-
mones released in response to the luminal presence of the macronutrient or its
hydrolytic product; (b) hormones released in response to the absorbed
hydrolytic product of the macronutrient or its subsequent metabolites; or (c)
the absorbed hydrolytic product or its subsequent metabolites directly. The
apparent mediator of protease adaptation, CCK, exemplifies the first type;
however, the mediators of amylase and lipase adaptation, although not es-
tablished yet, must be of the second or third type to account for their
adaptation to intravenous glucose or lipid.

Gene Transcription and Translation

The structure and sequences of the genes for amylase (36, 54a), serine
proteases (16, 54), and lipase (58) are known, and all are members of
respective multigene families. The serine proteases and amylase genes con-
tain 5'-flanking, tissue-specific enhancer elements (10, 62a). The lipase gene
contains two homologous sequences to the protease tissue-specific enhancer
element (20 bp); however, as yet, tissue-specific transcription has not been
demonstrated for these sequences (58).
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AVAILABILITY OF mRNA Dietary composition alters the mRNA levels of
the serine proteases, amylase, and lipase, as assessed by in vitro translation of
isolated poly (A)* mRNA (30, 101) or cDNA hybridization of total RNA (18,
30, 31,7100, 102) (Table 1). A HP diet increases the mRNA levels of
trypsinogen (by 360%), chymotrypsin (by 390%), and proelastase (by 190%)
(31). In response to a protein-free diet, chymotrypsinogen mRNA levels
increase by 390%; however, surprisingly, amylase mRNA levels also increase
by 170%, despite the 50% decrease in its synthesis (18). A HC diet increases
amylase mRNA levels by 900%, paralleling the 470% increase in its synthesis
(30). Finally, a HF diet increases lipase mRNA levels by 387%, again
paralleling the 77% increase in its synthesis, but does not affect amylase
mRNA levels, despite the 50% decrease in its synthesis (100, 102). In each
case the respective dietary substrate increases the mRNA level of its digestive
enzyme in parallel to its synthesis, supporting a pretranslational mechanism
by which dietary macronutrients regulate pancreatic adaptation. To date, the
mechanisms of dietary regulation of mRNA levels have not been determined.
None of the studies has examined transcription directly by nuclear run-on
assay to determine whether the increases in protease, amylase, and lipase
mRNA in response to their respective substrates result from transcriptional
regulation.

The stability of trypsinogen and proelastase mRNAs increases by 67% and
decreases by 50%, respectively, in response to HP diets according to one
report (70) in which actinomycin D was used to inhibit transcription, but the
inhibition of poly (A)* RNA synthesis was not assessed, which is a concern
because of the greater sensitivity of rRNA, than mRNA, synthesis to acti-
nomycin D (48a). Nonetheless, these reported changes in mRNA stability in
response to dietary protein suggest that posttranscriptional regulation by diet
is possible. The apparently greater adaptive changes in functional mRNA
availability than in synthesis also raise the possibility of dietary regulation of
nuclear transport (30). The mechanisms of dietary regulation of mRNA levels
must be addressed, particularly focusing on transcription and cytoplasmic
stability. Indeed, dietary changes of mRNA levels may result from multiple
mechanisms acting in concert, but that remains to be determined.

TRANSLATIONAL CONTROL Alterations in the rate of synthesis of a specific
protein without changes in its mRNA levels are interpreted as translational
control, which alters the efficiency of translation of existing mRNAs. If
mRNA levels are determined with cytoplasmic RNA, this interpretation of
translational control is well supported. However, if mRNA levels are de-
termined with total RN A, the interpretation of translational control ignores the
other possibility: regulation of transport of preexisting mRNA from the
nucleus to the cytoplasm. Increased nuclear transport could lead to a larger
translatable cytoplasmic pool of mRNA without changing total mRNA levels.
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Unfortunately, isolation of pancreatic cytoplasmic RNA is not yet technically
feasible because of the high pancreatic ribonuclease activity [200 pg/g of
tissue (90)], and present studies on translational control use total RNA of
necessity. One should remember, though, that the results of these studies do
not exclude possible regulation of nuclear transport of specific mRNAs. In
addition to translational control, changes in protein stability can alter the
apparent synthesis of a protein with no change in its mRNA or translational
efficiency.

Evidence for translational control in dietary adaptation is limited. The
discordant changes in the amylase mRNA level and its synthesis in response
to HF (102) or protein-free (18) diets may result from translational control,
but this remains to be determined. Evidence for hormonal regulation of
translational efficiency in the pancreas exists for insulin, CCK, and its analog
caerulein. Both CCK and insulin stimulate the synthesis of total protein,
trypsinogen, chymotrypsinogen, lipase, and amylase in acini treated in vitro
with actinomycin D, which inhibited the incorporation of [*H] UTP into poly
(A)* RNA (48a). Furthermore, infused caerulein increases the synthesis of
trypsinogen (by 300%) and decreases the synthesis of amylase (by 75%)
without changing the level of their mRNAs (90). The 5' noncoding regions of
both mRNAs have a conserved 7-bp sequence that may form a stem-loop
structure, which is proposed to affect translational control of these mRNAs
(68a, 90).

Translational control mechanisms exist in the pancreas; however, no role of
translational control has been demonstrated as yet in pancreatic adaptation to
diet. Future studies must examine the role of translational control and, if
possible, of nuclear transport in pancreatic adaptation.

Hormonal and Nutritional Mediators of Adaptation
PROTEASES CCK appears to mediate pancreatic adaptation to dietary pro-

tein through the feedback regulation of its secretion from the small intestine
(Table 2) (33). Active luminal trypsin decreases the release of CCK by

Table 2 Proposed mediators of pancreatic adaptation to diet

Proposed mediator

Dietary stimulus ~ Hormonal Nutritional Stimulus
Protein CCK — Luminal peptides and trypsin inhibitors
-- None
Carbohydrate Insulin Serum glucose
Acinar glucose Glucose and insulin
Triglyceride Secretin - - Luminal fatty acids

— Ketones Serum triglycerides
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degrading a CCK-releasing factor of pancreatic or mucosal origin. Either high
levels of dietary protein or trypsin inhibitors block this degradation by sub-
strate competition or enzyme inactivation, respectively, leading to large
(threefold) but transient increases in plasma CCK levels. The transience of the
elevation of the CCK level results from pancreatic adaptation of the proteases
and resumed degradation of the CCK-releasing factor by the increased pro-
teases.

This feedback regulation is dependent on adequate protein nutriture. In the
presence of inadequate protein (5%), trypsin inhibitors cause prolonged in-
creasing plasma CCK levels [fivefold at 7 days (33)]. Lack of available
essential amino acids limits the pancreatic adaptation, leading to no increase
in the level of the proteases and continued degradation of the CCK-releasing
factor.

Other evidence supports CCK as the mediator of protease adaptation.
Caerulein or CCK increases the protease content (77) and trypsinogen synthe-
sis (90). Conflicting results have been reported for its effects on protease
mRNA levels, however. Injected caerulein (77) increases chymotrypsinogen
and trypsinogen mRNA levels, but infused caerulein (90) does not change the
anionic trypsinogen mRNA levels. Why these results differ is unclear, but the
cumulative daily dose of caerulein is twofold higher for the injected protocol
(12 ng/kg/day) than for the infused protocol (6 ug/kg/day). Furthermore, the
injected protocol represents long-term pulsatile exposure to CCK, whereas the
infused protocol represents short-term exposure to constantly elevated hor-
mone levels, which could result in receptor desensitization. Long-term pulsa-
tile exposure to CCK may be more representative of pancreatic adaptation to
dietary protein.

Despite the conflicting data on the effects of CCK on protease mRNA
levels, several features of this feedback regulation make CCK an attractive
candidate for the mediation of this adaptation. This model accounts for (a) the
adaptation to only oral protein or oligopeptides, because oral amino acids
would not spare the CCK-releasing factor from tryptic cleavage; (b) the
failure of intravenous amino acids to alter proteases; and (¢) the alterations of
protease synthesis that occur with dietary protein. Although conclusive con-
firmation of this role of CCK is not yet available, CCK remains the likely
mediator of pancreatic protease adaptation.

AMYLASE Insulin is a proposed mediator of pancreatic adaptation to dietary
carbohydrate because of the profound decrease in amylase content (7- to
32-fold) (1, 21a, 46, 65), synthesis (10-fold) (65), and mRNA levels (11-
fold) (46, 62a) in rats with diabetes (alloxan or streptozotocin induced).
Insulin restores the amylase content (1, 6, 46, 65), synthesis (65), and mRNA
levels (46) in diabetic rats. Hyperinsulinemic diabetes (obese Zucker rat
model) due to peripheral insulin resistance also decreases (5- to 6-fold) the
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amylase content and synthesis; however, Ciglitazone treatment, which de-
creases insulin resistance and normalizes glucose metabolism, restores amy-
lase content and synthesis (96). Further fasting in mice decreases the amylase
content (21a) and synthesis (19), but glucose administration restores them.
Concomitant injection of diazoxide, which inhibits glucose-induced insulin
release, prevents this restoration (19). According to this mechanism, an
increased plasma glucose level resulting from the digestion and absorption
of starch stimulates the release of insulin, which regulates acinar amylase
synthesis and mRNA levels. This proposed mediation by insulin accounts
for the adaptation to orally or intravenously administered glucose and the
increased amylase synthesis and mRNA levels in response to dietary carbo-
hydrate.

Insulin, however, does not appear to be the sole mediator of this adapta-
tion. Insulin administration to normal rats either decreases (89) or does not
change (35, 65, 89) the amylase content. Furthermore, periinsular acini
contain 50% less amylase than do teleinsular ones, even though they are
exposed (presumably) to greater insulin levels (55). Restoration of the amy-
lase content in diabetic animals treated with insulin is dependent on glucose
availability (1). Diabetic rats fed a HF diet and treated with insulin exhibit a
continued 10-fold decrease in amylase content. Finally, in vitro glucose
starvation of the transformed acinar cell line (AR 42J cells) decreases amylase
mRNA levels (92), as would be expected if acinar glucose availability is a
mediator of amylase adaptation. In addition, insulin stimulates the uptake of
glucose by pancreatic acinar cells (47), and HC diets cause a twofold increase
in acinar glucose utilization by stimulating glucose transport (2). Together,
these results suggest a role for glucose in the adaptation of amylase to
carbohydrate.

Alternatively, increased plasma glucose resulting from HC diets stimulates
insulin release, which then stimulates acinar glucose uptake, leading to
increased intracellular glucose levels and metabolism. Intracellular glucose,
alone or in conjunction with insulin, regulates amylase synthesis and mRNA
levels (Table 2). This mechanism also accounts for adaptation to oral or
intravenous glucose, the increased amylase synthesis and mRNA levels that
occur with dietary carbohydrate, and the glucose dependence of insulin
restoration of amylase in diabetic animals.

Amylase is also regulated by glucocorticoids. Adrenalectomy, independent
of accompanying changes in insulin levels (59), decreases the amylase con-
tent (21, 53, 59), synthesis (59), and mRNA levels (53); however, corticoste-
rone replacement restores amylase (53). Dexamethasone in vivo (62a) and in
vitro (20, 52, 94) increases amylase content, synthesis, mRNA levels, and
transcription rate (52). The 5'-flanking region of the pancreatic amylase gene
contains a glucocorticoid-responsive element (36). Despite this clear regula-
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tion of amylase, glucocorticoids do not mediate amylase adaptation to dietary
carbohydrate, because adrenalectomized rats adapt fully to changes in carbo-
hydrate levels (21).

Resolving the roles of insulin and glucose and their interaction in mediating
the adaptation of amylase will be difficult until a long-term in vitro acinar
system is available in which the acinar cells transcribe this tissue-specific
mRNA. Presently, in vivo studies to answer this question are hampered by the
rapid and complex multihormonal and metabolic responses. With an in vitro
system, insulin, glucose, and their interaction can be evaluated without
complicating in vivo homeostatic mechanisms.

LIPASE Secretin, a gastrointestinal hormone, and ketones, fatty acid
metabolites, are proposed mediators of pancreatic adaptation to dietary fat
(Table 2). Constant in vivo infusion of secretin increases the relative synthesis
of lipase (1.8- to 2.5-fold) and decreases that of amylase (by 60%) (71-73).
Infused secretin, however, does not alter lipase mRNA levels, which suggests
a translational control mechanism (H. F. Kern and J. Heidtmeann, personal
communication). Duodenally infused oleic acid increases plasma secretin
levels [2-fold (25)]. Thus, the hydrolytic products of triglyceride are pro-
posed to stimulate the release of secretin, which then regulates acinar syn-
thesis of lipase (71). Although secretin mediation accounts for lipase adapta-
tion to oral triglycerides or fatty acids, it does not account for adaptation to
intravenous triglyceride, because the release of secretin requires luminal
fatty acids.

Ketones, another proposed family of mediators of lipase, are strongly
correlated with pancreatic lipase. A HF diet containing either triglyceride or
fatty acids increases lipase and blood ketone levels (3). Importantly, constant
infusion of B-hydroxybutyrate increases the lipase content and decreases the
amyla\se content comparably to the effects of a 40% fat diet (3). Additionally,
two metabolic states (fasting and diabetes) increase the lipase content and
blood ketone levels in parallel. Both lipase and ketone levels are reversed in
diabetic rats treated with insulin and fed a HC diet, but are increased further
(1.7- and 4-fold, respectively) in diabetic rats treated with insulin and fed a
HF diet (1). The effects of ketones on lipase synthesis and mRNA levels have
not been assessed, but they should be. The effect of ketones on lipase content
supports their role in mediating lipase adaptation to fat and accounts for lipase
adaptation to oral and intravenous triglycerides and oral fatty acids, all of
which increase levels of ketones.

It is not yet possible to eliminate either secretin, ketones, or their interac-
tion as mediators of lipase adaptation. Whatever the mediator(s), it must
affect lipase synthesis and mRNA in parallel and allow for adaptation to both
oral and systemic triglycerides.
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SUMMARY

Pancreatic adaptation represents dietary regulation of gene expression; dietary
substrates alter the synthesis and mRNA levels of their respective digestive
enzymes. The mechanisms whereby mRNA levels change are not understood,
but they must be elucidated. Although the changes in synthesis of proteases,
amylase, and lipase parallel the changes in their mRNA levels in response to
respective substrates, the concomitant changes in the synthesis of the other
enzymes can be discordant with mRNA levels. The evidence supports a
pretranslational mechanism of the adaptation of proteases, amylase, and
lipase to their respective substrates and suggests potential translational mecha-
nisms of other enzymes in these adaptations. Changes in synthesis occur
within hours after a dietary change, but whether mRNA levels also change so
early is unknown. Rapid, adaptive changes may occur by a different mech-
anism from later adaptation, possibly by translational control or nuclear
transport. The differential effects of acute and chronic caerulein administra-
tion support the possibility of multiple mechanisms of regulation by a single
effector. The mediators of pancreatic adaptations have not yet been identified,
except for adaptation to dietary protein. CCK appears to mediate protease
adaptation through the feedback regulation of its release by dietary protein.
Available evidence supports a role of insulin and glucose in the adaptation to
carbohydrate and arole of secretin and ketones in the adaptation to dietary fat.
Elucidation of the mediators of pancreatic adaptation to carbohydrate and fat
and their mechanisms is needed.
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