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To study adaptation of pancreatic amylase to diet, an 

affinity adsorbent, a-GHI-AH-Sepharose 4B, was used to 

determine amylase synthesis in cultured pancreatic acinar 

cells. This adsorbent exhibited a consistent binding 

capacity and was specific for amylase. Acinar cells from 

rats fed high fat (HF) or carbohydrate (HC) diets for 7 d 

were cultured 1-48 h in serum-free medium. Amylase activity 

remained significantly higher in HC cells than in HF cells 

through 24 h in culture, despite its decrease with time in 

culture. The relative synthesis of amylase (3H-phe 

amylase/3H-phe total protein x 100) was significantly higher 

in HC than in HF cells at isolation and remained higher 

during culture. These results demonstrate that this 

affinity adsorbent can be used to determine amylase 

synthesis and suggest that the effect of diet on amylase 

activity and relative synthesis persists in cultured 

pancreatic acinar cells. 



INTRODUCTION 

12 

The pancreatic acinar cell, the main exocrine component 

of the pancreas, has the ability to alter the content of 

specific digestive enzymes in response to dietary 

composition. For example, a diet high in carbohydrate 

results in a secretion rich in pancreatic amylase; whereas a 

diet high in protein leads to pancreatic secretion enriched 

in proteases. This adaptation of pancreatic enzymes to diet 

appears to be the result of changes in enzyme synthesis and 

levels of mRNA coding for the enzymes. While the 

characteristics of these adaptations have been studied 

extensively, the mechanisms remain unknown. 

Pancreatic amylase is one of the major digestive 

enzymes of the exocrine pancreas. It hydrolyzes the ct-1,4-

glucose linkages of dietary starch in the duodenum to form 

branched dextrins. There are several effectors implicated 

in the dietary adaptation of amylase; of these, glucose and 

insulin are the most likely. The effects of glucose and 

insulin on the regulation of pancreatic amylase are 

noteworthy when considering that alterations in glucose, 

insulin and amylase are all present in the diabetic disease 

state. In diabetes, a relative insulin insufficiency exists 

and this leads to hyperglycemia and decreased tissue glucose 

utilization. Pancreatic amylase is also decreased in 

diabetes. Understanding the possible interaction of glucose 
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and insulin in the regulation of amylase would not only 

elucidate pancreatic exocrine adaptation, but could possibly 

advance our knowledge of diseases such as diabetes. 

In the past, studies examining the adaptation of 

amylase to diet and its mechanism(s) have been done in whole 

animals. Thus, it has been difficult to interpret the 

direct effects of various diets or hormones on the acinar 

cells because of the homeostatic interactions in the intact 

organism. In a primary culture of rat acinar cells, various 

nutrients, hormones or combinations thereof can be 

manipulated? and their direct effects on the acinar cells 

can be determined without the confounding variables of an in 

vivo study. 

These studies herein examined the effects of antecedent 

diet on amylase activity and relative synthesis in cultured 

rat pancreatic acinar cells in order to understand better 

the direct effects of dietary adaptation of amylase. First, 

a method for the determination of amylase synthesis was 

developed and validated. Amylase synthesis was determined 

by the incorporation of 3H-phenylalanine into amylase 

protein that was measured by an affinity adsorbent. Next, 

pancreatic acinar cells were isolated and cultured from rats 

fed various diets, and the effects of these antecedent diets 

on relative amylase synthesis and activity were determined. 
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The pancreas consists of two components: the endocrine 

pancreas, which secretes hormones, and the exocrine pancreas 

which secretes digestive enzymes, fluid and electrolytes. 

Both of these components are influenced by neural, hormonal 

and dietary factors. Although the pancreas is usually 

considered two separate organ systems, one endocrine and one 

exocrine in nature; it is actually an integrated organ that 

coordinates the digestion and utilization of food. 

THE ENDOCRINE PANCREAS 

The endocrine component of the pancreas, the islets of 

Langerhans, is essential in the regulation of the exocrine 

pancreas, the acini and ducts. There are approximately 1 x 

106 islets distributed throughout the human pancreas and 

about 5,000 in the rat pancreas (1). Regardless of the 

absolute number of islets, they comprise about 1-2% of the 

pancreatic volume in all mammalian species and are typically 

composed of 5,000 endocrine cells each (1). There are four 

major types of endocrine cells, the most well-defined being 

the B cells which secrete insulin. In addition, the A cells 

produce glucagon, the D cells produce somatostatin, and the 

PP cells produce pancreatic polypeptide. All of these 

hormones are synthesized in the rough endoplasmic reticulum 

(RER) of the endocrine cell and are stored in cytoplasmic 
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granules until they are released in response to stimuli (2). 

In addition to their other metabolic effects, these 

endocrine secretions are functionally related to one another 

with respect of their effects on the exocrine pancreas. 

Insulin appears to have long-term effects on regulation of 

the biosynthesis of pancreatic exocrine digestive enzymes 

(3-5) and short-term effects on the potentiation of exocrine 

secretory response to gastrointestinal hormones and 

neurotransmitters (6-9) . Glucagon appears to have an 

inhibitory effect on exocrine secretion (10-12), although 

whether this is a direct or indirect effect is unknown. 

Pancreatic polypeptide is also presumed to inhibit exocrine 

secretion (13). Somatostatin has indirect effects on the 

exocrine pancreas as it has effects on regulators of 

exocrine function. It has been shown to inhibit the release 

of glucagon (14), insulin (15) and pancreatic polypeptide 

(ie). 

Strong evidence for the integration of endocrine and 

exocrine functions lies in the structural relationship 

between the islets and the exocrine (acinar) cells. Because 

there is no substantial capsule or basement membrane 

surrounding the islets (1), pancreatic acinar cells lie in 

close contact with the islets. This relationship results in 

two types of acinar cells: the periinsular acini or 

"halos," those cells in proximity to the islets, and the 

teliinsular acini, those cells removed from the islets. The 
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periinsular acini contain larger nuclei and more zymogen 

granules than the teliinsular acini (17) and this appears to 

be related to locally high insulin levels. When compared to 

teliinsular acini, the periinsular acini also contain higher 

concentrations of digestive enzymes (18). The halo 

phenomenon may be the result of the distinct pattern of 

blood-flow from the islets to the exocrine cells. Almost 

all efferent blood flow goes into acinar capillaries before 

leaving the pancreas, which creates a gradient of islet 

hormones that is greatest in the periinsular acini and 

decreases as the distance from the islets increases (13). 

This structural relationship leads to a locally-mediated 

regulation of exocrine function by islet hormones. 

THE EXOCRINE PANCREAS 

Function and Morphology. The exocrine pancreas is one 

of the body's major digestive organs. It synthesizes more 

protein per gram of tissue than any other organ, and 

secretes between 6 and 20 grams of digestive enzymes and 

zymogens (digestive pro-enzymes) in approximately 2.5 liters 

of fluid daily (1). The major structural components 

responsible for the exocrine function of the pancreas are 

the acini, which secrete digestive enzymes, and the ductal 

cells, which secrete fluid and electrolytes. 

Acini are the enzyme-synthesizing and secreting units 

of the pancreas and are comprised of clusters of acinar 



FIGURE 1: SCHEMATIC OF A PANCREATIC ACINAR CELL 

A typical acinar cell is shown with the nucleus (N) and 
rough endoplasmic reticulum (RER) localized in the basal 
portion of the cell and the Golgi complex (GC), condensing 
vacuoles (CV) and zymogen granules (ZG) located in the 
apical pole of the cell. 
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cells surrounding a central duct. A typical acinar cell 

(represented in Figure 1) is polarized. The basal portion 

of the cell consists of the nucleus surrounded by the RER, 

while the Golgi complex (GC) and zymogen granules (ZG) are 

found predominantly in the apical pole of the cell. 

Synthesis and Secretion of Digestive Enzvmes. The 

secretory cycle in the exocrine pancreas consists of six 

stages: synthesis, segregation, intracellular transport, 

concentration, storage, and discharge (exocytosis, 19). 

Pancreatic secretory proteins are synthesized on polysomes 

attached to the RER, while cytoplasmic proteins are 

synthesized on free polysomes. Secretory products of the 

exocrine pancreas are segregated by a process first 

hypothesized by Blobel and Dobberstein (20,21). The first 

step in this process requires the presence of a "signal" 

codon near the initiation sequence of the messenger 

ribonucleic acid (mRNA) for the protein to be synthesized. 

As the ribosome moves down the message, the signal codon 

initiates the synthesis of a hydrophobic signal sequence 

near the N-terminal end of the nascent polypeptide chain. 

This sequence passes through a "tunnel" in the membrane of 

the endoplasmic reticulum (ER) and is followed by the rest 

of the chain as it is synthesized. Once in the interior of 

the ER, the signal sequence is cleaved by a signal peptidase 
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(22), and the protein assumes a three dimensional structure 

that prevents it from crossing through the membrane again. 

The intracellular transport of pancreatic secretory 

proteins has been characterized in electron microscopic 

radioautographic studies of guinea pig pancreatic cells 

(23). These studies demonstrate that secretory proteins are 

transported in a parallel fashion from the elements of the 

RER to condensing vacuoles of the GC, possibly through small 

vesicles found in the periphery of the GC. Using both 

pulse-chase experiments and electron microscopic 

autoradiography, Jamieson and Palade (24,25) confirm that 

secretory proteins are transported from the cisternae of the 

RER to condensing vacuoles via the small vesicles on the cis 

face of the GC. This transport process occurs independently 

of protein synthesis and can be blocked by inhibitors of 

oxidative phosphorylation (26,27). 

The concentration of digestive enzymes occurs in the 

condensing vacuoles (CV). These condensing vacuoles mature 

into ZG in which about 20 pancreatic secretory proteins are 

stored until they are discharged. The concentration of 

condensing vacuoles into ZG appears to require sulfate (28) 

for aggregation of the digestive enzymes. 

Although the classic studies by Jamieson and Palade 

support the most widely accepted transport hypothesis, there 

are additional transport hypotheses. Hand and Oliver (29) 

as well as Novikoff (30) propose that instead of moving 
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through transitional elements, secretory products move 

directly from the ER to the GC in Golgi endoplasmic 

reticulum lysozomes (GERL). Additionally, Rothman (31) 

proposes a mechanism of nonparallel transport in which 

secreted proteins cross directly through the membranes of 

the cell in a regulated fashion, rather than being totally 

segregated from the cytoplasm and stored within the 

membranes. 

The final step in the acinar secretory pathway is 

exocytosis. During this discharge step, the secretory 

proteins leave the acinar cell and enter the lumen of the 

secretory duct. Studies using electron microscopy (32) have 

determined that during discharge the ZG membrane fuses with 

the plasma membrane on the apical surface of the cell. At 

this point the ZG contents are discharged from the acinar 

cell without coming into contact with the cell cytoplasm. 

This exocytosis appears to be a specific process in that ZG 

only fuse with the apical region of the plasma membrane, 

emphasizing the importance of the acinar cell polarity. 

This may be the result of certain recognition sites on the 

external surface of the ZG and on the internal surface of 

the apical plasma membrane (33). Similarly to intracellular 

transport, the secretory process also occurs independently 

of protein synthesis and requires energy (34). 
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Regulation of Secretion. There are two types of 

secretion from the exocrine pancreas; these are basal 

secretion and stimulated (regulated) secretion. Basal 

secretion refers to the unstimulated release of ZG contents 

into the ductal lumen, and is documented by several 

investigators (35-37). Basal secretion of bicarbonate is 2 

to 3% of the maximal secretory response, while basal enzyme 

secretion is 10 to 15% of maximal output. Although the 

stimuli responsible for basal secretion are not known, 

unstimulated secretion may be the result of spontaneous 

release of acetylcholine (ACh) from post-ganglionic 

terminals in the exocrine pancreas (38). 

In contrast to basal secretion, regulated exocrine 

secretion requires the presence of a stimulus, which is 

usually neural or hormonal in origin. Neural control of the 

exocrine pancreas involves the interaction of certain 

neurotransmitters with muscarinic receptors of the acinar 

cells. Using a tritiated cholinergic analogue, 

investigators have identified receptors for ACh on acinar 

cells (39). Numerous studies support this finding by 

documenting the effects of ACh on rodent acinar cells 

(40,41). In addition, the secretory effects of cholinergic 

agents are documented in isolated perfused dog and pig 

pancreata (42,43). These cholinergic agents increase 

intracellular calcium levels (44-46), which activate kinases 

that may be responsible for phosphorylation of molecules 
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involved in exocytosis (46). Other regulatory peptides like 

substance P and bombesin may also act on acinar cells by the 

same mechanism as ACh (41,46), and nerves containing these 

peptides have been identified in the pancreas (47,48). 

Vasoactive intestinal peptide (VIP) is another 

neuropeptide having specific receptors on rodent pancreatic 

acinar cells (49-51). Also, VIP-containing nerves are 

present in the pancreas and appear to innervate the exocrine 

cells (50). The VIP receptors are associated with membrane-

bound adenylate cyclase, which causes an accumulation of 

intracellular cyclic AMP (cAMP) upon binding of this peptide 

to its receptor (40,52). This action of VIP on adenylate 

cyclase is documented in pancreas from dog, cat, rat, guinea 

pig, and mouse, but increases secretion only in pancreas 

from the rat or guinea pig (53). VIP has also been shown to 

stimulate fluid and electrolyte secretion from pancreatic 

duct fragments (54) via adenylate cyclase activation. 

In addition to neural stimulation of exocrine secretion, 

there are a number of hormones that stimulate secretion of 

exocrine products. Secretin is a hormone that is released 

in response to duodenal acidity (55) which is the result of 

ingestion of food. Rominger and coworkers (56) report a 

correlation between meal-induced plasma secretin 

concentrations and pancreatic bicarbonate secretion. Also, 

exogenous secretin administered at physiological levels 
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stimulates pancreatic secretion of fluid and bicarbonate 

(57-59). Chey and coworkers (60) conclude that circulating 

secretin may account for as much as 80% of pancreatic 

bicarbonate output in response to a meal in the dog. These 

studies also implicate secretin in the stimulation of 

digestive enzyme release; however, other studies cannot 

demonstrate secretin-stimulated enzyme secretion in humans 

(61) or dogs (62). Secretin-stimulated enzyme secretion is 

reported to occur in rats (63). 

Cholecystokinin-pancreozymin (CCK) is a gastrointestinal 

hormone that is released from the upper small intestinal 

mucosa in response to the digestive products of fat and 

protein (64). CCK is also released in response to duodenal 

acidity (65) and to bombesin and gastric releasing peptide 

(66). In addition to its other physiological roles, CCK 

stimulates exocrine secretion by mobilizing cellular calcium 

(67). You and coworkers (59) observe that exogenous CCK 

administered at physiological levels stimulates pancreatic 

enzyme secretion and a small amount of bicarbonate 

secretion. Infusion of both secretin and CCK in humans and 

dogs demonstrates that these two hormones can interact to 

produce pancreatic secretions greater than either hormone 

acting alone (59,68). 

While secretin and CCK are the most important 

stimulators of pancreatic exocrine secretion, there are 

other hormones or hormone-like peptides that stimulate 
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exocrine secretion. Pancreatic enzyme secretion in dogs can 

be stimulated by porcine gastrin (gastrin-17, 69). 

Neurotensin, a hormone-like peptide released after a fat 

meal, stimulates exocrine pancreatic secretion in conscious 

dogs (70). As previously mentioned, insulin also stimulates 

exocrine secretion in rats. 

In addition to stimulators of exocrine secretion, there 

are also hormones or peptides that inhibit exocrine 

secretion. In many studies in several animal species, 

glucagon inhibits pancreatic enzyme and bicarbonate 

secretion in response to secretin, CCK and a combination of 

both or to consumption of a test meal (10,71,72,11). 

Somatostatin suppresses secretin-stimulated exocrine 

secretion probably through competition for secretin receptor 

sites (73). 

All of the agents which increase pancreatic secretion 

appear to exert their effects by initiating one of two 

distinct intracellular events - release of intracellular 

calcium or formation of intracellular cAMP. Together, these 

events comprise what Douglas (74) terms the stimulus-

secretion coupling pathway, which is represented in Figure 

2. Stimulation of intracellular calcium release is 

initiated by the binding of CCK or ACh with their respective 

receptors. This binding leads to hydrolysis of 

phosphotidylinositol-4,5-biphosphate (PIP2) in the plasma 

membrane by phospholipase C to produce diacylglycerol (DAG) 
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CCK ACh SECRETIN 
BOMBESIN 

VIP 

ATP 

cAMP 

TP PK-A PK-C 

ALTERED PHOSPHORYLATION OF 

STRUCTURAL AND RERUMTORY PROTEINS 

FIGURE 2: STIMULUS-SECRETION COUPLING 
IN THE PANCREATIC ACINAR CELL 

Abbreviations: VIP, vasoactive intestinal peptide; CCK, 
cholecystokinin; ACh, acetylcholine; PIP2, 
phosphatidylinositol-4,5-biphosphate; IP3, inositol-1,4,5-
triphosphate; DAG, diacylglycerol; CAM, calmodulin; PK-A, 
cyclic AMP-activated protein kinase; PP, protein 
phosphatase; PK, protein kinase; PK- C, phospholipid-
dependent protein kinase. 
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and inositol-l,4,5-triphosphate (IP3, 75-77). The 

hydrolysis of PIP2 may increase intracellular calcium levels 

by freeing calcium from negatively charged 

phosphotidylinositol head groups within the plasma membrane 

(78). Additionally, the breakdown products of PIP2 (DAG and 

IP3) may serve as intracellular messengers for the release 

of calcium from cytoplasmic organelles which function as 

calcium reservoirs (79). This newly released calcium may 

activate calcium-calmodulin-dependent protein phosphatase 

and protein kinase, as well as a phospholipid-dependent 

protein kinase to stimulate acinar cell secretion by 

mechanisms that remain unclear (80). 

The initiation of another stimulatory event in the 

stimulus-secretion coupling pathway, which involves cAMP, 

requires the binding of VIP or secretin with their 

respective receptors. This interaction leads to the 

stimulation of adenylate cyclase activity and subsequent 

formation of a second intracellular messenger, cAMP (81). 

This cAMP is then able to stimulate protein kinase activity 

(82) which, in turn, stimulates acinar cell secretion by 

altering phosphorylation of structural and regulatory 

proteins, again by mechanisms that are not clear. 

Although the stimulus-secretion coupling mechanism is 

widely accepted, there is an ongoing debate as to the actual 

pattern of digestive enzyme secretion from the acinar cell. 

One side of the argument, presented by Rothman (31), asserts 
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that there is more than one secretory pathway in the 

exocrine pancreas; and this phenomenon leads to nonparallel 

digestive enzyme secretion. Nonparallel refers to the 

secretion of enzymes in different proportions to one 

another. Contrary to this hypothesis, Scheele (83) proposes 

that there is in fact a single parallel pathway for 

digestive enzyme secretion that may involve multiple 

subpopulations of zymogen granules. 

A discussion of this debate first requires presentation 

of the findings regarding acinar cell secretion. The 

classic secretion studies of Jamieson and Palade (24,25) 

demonstrate that ZG contents are the principle and direct 

source of secreted protein. This model of exocytosis-

vectorial transport assumes that if digestive enzymes are 

prepackaged in granules and then released all together, then 

although their amount in secretion might be altered by 

different secretagogues, their proportions relative to each 

other would not change because the proportions are a 

function of the composition of the preformed ZG. However, 

investigators do observe nonparallel secretion in which the 

rate of release and the magnitude of maximal release of the 

individual digestive enzymes are different for different 

secretagogues (84,85-87). 

The nonparallel secretion hypothesis is weakened by the 

fact that some of the findings supporting this hypothesis 

cannot be duplicated using methodology similar to the 
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original studies (88). In addition, other results implying 

nonparallel secretion can be explained by citing the use of 

inappropriate methodology (89). In some studies where 

nonparallel secretion has been observed (84,87), the animals 

were hormonally stimulated after an overnight fast. During 

the transition from feeding to fasting, it is possible that 

proportions of secretory enzymes synthesized in the exocrine 

pancreas change with time, resulting in ZG with nonparallel 

contents. 

Two functional subpopulations of ZG may also exist - one 

representing a small pool of proteins from which basal 

discharge is derived, and another larger pool from which 

secretagogue-stimulated secretion is derived. If these two 

populations of ZG contain secretory proteins synthesized at 

different times, then one would expect basal discharge to 

contain a different mixture of proteins than those found in 

stimulated secretion. Although this explanation appears 

feasible, investigators as yet have failed to identify any 

ZG subpopulations. In addition, one group of investigators 

(90) has actually identified two distinct secretory pathways 

in a line of pituitary tumor cells, one constitutive not 

involving storage granules and one regulated involving 

storage granules. If two such distinct pathways exist in 

the acinar cell, nonparallel secretion may be explained 

because nonparallel secretion tends to occur primarily in 

basal, not in stimulated, secretion. While this debate will 
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not be resolved in the near future, it is illuminating the 

process of pancreatic exocrine secretion. 

Regulation of Digestive Enzyme Synthesis. There are 

approximately 20 digestive enzymes and pro-enzymes produced 

by the acinar cell. Several of the major digestive enzymes, 

their substrates and products as well as their relative 

proportions in the human pancreas are shown in Table 1. 

There are several situations in which the relative amounts 

of digestive enzymes produced by the pancreas are found to 

change. The factors that elicit these changes can be neural 

or hormonal in nature or may be related to the feeding state 

or dietary composition. The effect of dietary composition 

on exocrine enzymes will be discussed in the following 

section, while the effects of other factors are considered 

here. 

There are very few reports of the effects of cholinergic 

agonists on pancreatic protein synthesis. While a number of 

investigators have documented the effects of cholinergic 

agonists on pancreatic protein secretion or content (87,91), 

only a few studies have documented an effect of these 

agonists on enzyme synthesis. Renaud and coworkers (92) 

observe an increase in the mRNA coding for trypsinogen I and 

chymotrypsinogen B upon chronic administration of 

pilocarpine (a cholinergic agonist) in rats. Another study 

(93) finds an increase in amino acid 
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TABLE 1: PANCREATIC ENZYMES 

Enzyme! Substrate! Products! 

Amylase Polysaccharides Maltose, Malto-
triose, a-dextrins 

Lipase Triglycerides Free fatty acids 
and 2-mono gly-
cerides 

Trypsin 

Chymo-
trypsin 

Carboxy-
peptidase 

Ribonu-
clease and 
Deoxyribo-
nuclease 

Proteins 

Proteins 

Proteins 

RNA, DNA 

Peptide fragments 

Peptide fragments 

Free amino acids 

Mononucleotides 

•'•Modified from Vander et al. (190). 

2AS determined in the human pancreas. 

3Modified from Gorelick and Jamieson (191). 

Mass 
Proportion2'3 

(%) 

5.3 

0.7 

39.1 

1.7 

32.2 
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incorporation into proteins when slices of pigeon pancreas 

are incubated with ACh. 

Unlike the paucity of information regarding neural 

stimulation of enzyme synthesis, there are numerous findings 

concerning the effect of hormones on digestive enzyme 

synthesis. The effects of acute and chronic administration 

of CCK and its analogues have been studied extensively. 

When total protein synthesis is measured in vivo within 4 h 

after CCK administration, an increase is observed (94-96), 

thus implying an acute effect of CCK on enzyme synthesis. A 

similar result is seen when measuring in vivo protein 

synthesis in rats given continuous infusions of CCK (96). 

When CCK is given in vivo and protein synthesis is measured 

in vitro, amino acid incorporation increases into total 

protein (97,98). Renaud and coworkers (92) find that 

chronic administration of CCK leads to an accumulation of 

mRNA coding for the serine proteases, trypsinogen I and 

chymotrypsinogen B. This treatment also increases amylase 

mRNA content, but not as substantially as the serine 

proteases. This observed increase in mRNA has been shown to 

mediate biosynthetic rates of the digestive enzymes (99). 

Finally, Schick and coworkers (100) demonstrate both 

coordinate and anticoordinate regulation of digestive enzyme 

synthesis with a 24 h infusion of caerulein, a CCK analogue. 

Measuring individual protein synthesis by in vitro amino 

acid incorporation and separation of the proteins by two 
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dimensional gels (isoelectric focusing and SDS-

polyacrylamide gel electrophoresis), these investigators 

find that CCK dramatically increases the synthesis of 

trypsinogen forms I and II and moderately increases 

ribonuclease, chymotrypsinogen forms I and II, 

procarboxypeptidase forms A and B and proelastase form I. 

Synthesis of amylase forms I and II decreases with CCK 

infusion, while synthesis of trypsinogen form III, lipase 

and proelastase II does not change. 

Secretin is another hormone whose effect on the exocrine 

pancreas has been widely studied. Neither Rothman and Wells 

(101) nor Folsch and coworkers (102) find any effect of 

secretin on protein or enzyme content of the pancreas when 

secretin is given as subcutaneous or intraperitoneal 

injection. However, when absorption is prolonged by a depot 

carrier such as hydrolyzed gelatin, secretin has definite 

effects on pancreatic protein and enzyme content (103,104). 

Secretin administration produces a pattern of enzyme content 

different than that seen with CCK administration - lipase 

and chymotrypsinogen content increase about equally, while 

there appears to be little effect on amylase content. More 

recently, Rausch and coworkers (105,106) have investigated 

the effects of continuous infusion of secretin into 

conscious rats on total protein and digestive enzyme 

biosynthesis. Analyzing newly synthesized proteins by two 

dimensional gel electrophoresis, these investigators observe 
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persistent changes in the biosynthesis of 10 enzyme and 

isoenzyme proteins. Secretin stimulates progressive 

increases in the synthesis of lipase, proelastase I and II, 

and the serine proteases and ribonuclease; while there is 

no change in the absolute amount of amylase synthesized. 

Future studies in this area will focus on the mechanism(s) 

by which both secretin and CCK exert their effects on enzyme 

biosynthesis. 

As mentioned earlier, insulin increases the synthesis of 

amylase, lipase and chymotrypsinogen in parallel with total 

protein synthesis in acini from diabetic rats (5). 

Supportive evidence for this finding is that insulin 

treatment of acini rapidly increases the phosphorylation and 

activation of ribosomal protein S-6, which is involved in 

protein synthesis (107). In addition, Mossner and coworkers 

(108) observe insulin-induced increases in cell growth and 

amylase synthesis in the pancreatic acinar cell carcinoma 

line, AR42J. The ability of insulin to regulate 

differentially amylase synthesis is discussed in a later 

section. 

In addition to hormonal regulation of protein synthesis, 

the feeding state of an animal also affects digestive enzyme 

synthesis. With few exceptions, fasting 48 h or longer 

induces a marked decrease in amino acid incorporation into 

total protein in rats (109,110), guinea pigs (111). 

Incorporation into amylase is decreased more than 
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incorporation into total protein (110,112). The general 

effects of prolonged starvation on exocrine protein 

synthesis include decreased RNA polymerase activity (113) 

and 3H-uridine incorporation into total (114) and nuclear 

(115) RNA in pigeons; decreases in microsomal protein 

synthesis in rats (109) and pigeons (116); and alteration of 

polysome morphology and function in pigeons (117). 

Dietary Adaptation of Digestive Enzymes. The pancreatic 

acinar cell has the ability to alter specifically its enzyme 

content in response to the composition of a diet ingested. 

This phenomenon was first observed by Pavlov (118) who 

found that feeding dogs a diet rich in carbohydrate (HC) 

resulted in the secretion of an amylase-rich pancreatic 

juice; whereas feeding a protein-rich diet resulted in a 

protease-rich pancreatic juice. The same adaptation has 

also been demonstrated in calves, rats, birds and pigs 

(119). This section reviews the literature with respect to 

dietary adaptation of pancreatic proteases and lipase. The 

adaptation of pancreatic amylase to diet is reviewed in a 

later section. 

Grossman and coworkers (120) were the first 

investigators to pursue Pavlov's work regarding dietary 

adaptation of the proteases. Their studies demonstrate that 

prolonged feeding of a diet consisting of 65% casein and 15% 

starch (high protein, HP) results in a 7-fold increase in 
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non-specific protease concentration in the pancreas when 

compared to feeding a HC diet. Ben Abdeljlil and Desnuelle 

(121) confirm these findings with the observation that a 

protein-rich diet results in increased protease 

concentrations in the pancreatic juice as well as increased 

tissue concentrations of specific proteases including 

trypsinogen, chymotrypsinogen and procarboxypeptidase A. 

Diets high in fat (HF) also tend to increase pancreatic 

proteolytic enzyme concentrations (122,123). 

The adaptation of pancreatic enzymes to diet was 

initially studied in rats adapted to dietary changes for 30 

days (124). However, dietary adaptation of digestive enzyme 

contents in the pancreas occurs within 24 h of a change in 

diet composition and reaches steady-state levels 5 to 6 d 

after the dietary change (121). Other investigators observe 

that the synthesis of proteases is modified after only 5 d 

(125) or 7 d (126) after change to a HP diet. Similarly, 

the relative synthetic rate of chymotrypsinogen is increased 

after 10 d on a 20% (w/w) fat diet (127). These adaptive 

changes in the levels of protease synthesis precede changes 

of similar magnitude in the tissue content of pancreatic 

enzymes (128), thus implying that these changes in synthetic 

rates may be responsible for tissue accumulation of the 

proteases. Further, it appears that changes in the relative 

rates of protease synthesis occur within 2-4 h after a 
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change in diet (129), and complete adaptation of synthesis 

occurs after 5 d of feeding a new diet (128). 

Various studies demonstrate that the synthesis and 

accumulation of pancreatic proteases can be altered by 

dietary composition, suggesting that the genes coding for 

these products are not constitutively controlled. Rather, 

these proteolytic genes or gene families are 

transcriptionally or translationally regulated. This 

hypothesis is supported by recent studies (99,130) that 

quantify mRNA coding for certain proteases in response to HP 

diets. Using cDNA hybridization (175) or a cell-free in 

vitro translation system (99,175), alterations in dietary 

protein result in corresponding changes in the levels of 

mRNA coding for serine proteases. It is still unclear, 

though, whether these changes mRNA availability result from 

transcriptional or post-transcriptional/pre-translational 

regulation. 

Despite numerous observations of adaptation of 

pancreatic proteases to diet, the mechanism of this 

adaptation is unknown; but two basic mechanisms are 

proposed. The first mechanism may involve the release of a 

gastrointestinal hormone (by a dietary constituent) which 

could act on acinar cells by binding to its specific 

receptor. This proposed mechanism is supported by the 

finding that CCK, whose release is stimulated by the 

presence of proteins in the duodenum, leads to preferential 
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accumulation of the mRNAs coding for the serine proteases 

(92), with increases in the relative rate of synthesis of 

these proteins (94) and increases in their tissue 

concentrations (131). The second mechanism proposed is that 

increased amounts of hydrolytic or metabolic products of the 

ingested macronutrient may act directly at the acinar cell. 

However, this mechanism seems unlikely in the adaptation of 

proteases because feeding protein hydrolysates or amino 

acids has no effect on protease levels in the pancreas 

(125,132). This lack of effect of substrate products on 

proteases further supports the first mechanism because 

intact substrate protein is required to bind to trypsin or 

chymotrypsin to stimulate the release of CCK which then may 

regulate pancreatic adaptation (133). 

Pancreatic lipase also adapts to changes in dietary 

composition. High fat diets induce a two-fold increase in 

pancreatic lipase activity (134-136) that is accompanied by 

an increased relative synthesis of lipase (127). It appears 

that the type of dietary fat consumed may be a factor in 

this adaptation. Deshodt-Lankman and coworkers (137) and 

Christophe and coworkers (138) observe a greater adaptive 

response of lipase to unsaturated than saturated 

triglycerides. While Saraux and coworkers (139) fail to 

duplicate these findings, they do report a greater response 

of lipase to long chain than medium chain dietary 

triglycerides. Recently, Sabb and coworkers (140) report 
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that lipase adapts primarily to the amount of dietary fat; 

whereas a greater response of pancreatic lipase to highly 

unsaturated fat occurs below a threshold of dietary fat (47% 

kcal). 

The dietary adaptation of pancreatic lipase may involve 

hormonal regulation. This is supported by the observation 

that lipase activity increases in a state of insulin 

deficiency like diabetes (136,137). In addition, 

administration of CCK to rats results in a slight increase 

in lipase synthesis (94). More recently, Rausch and 

coworkers (106) report a 4-fold increase in the relative 

rate of lipase synthesis with a 24 h intravenous infusion of 

synthetic secretin. Alternatively, fatty acids and ketones 

may regulate this pancreatic response to dietary fat. Bazin 

and Lavau (141) report that HF diets result in increased 

blood ketone levels which are positively correlated with 

lipase levels. Further, continuous infusion of ketones also 

increases pancreatic lipase. In contrast to the proteases, 

then, pancreatic lipase may be regulated by dietary fat by 

both proposed mechanisms, released hormones (secretin) and 

metabolic products (ketones). 

PANCREATIC AMYLASE 

Characteristics. The pancreas of all mammals contains a 

single amylolytic enzyme. All mammalian amylases hydrolyze 

the a-1,4 glucose linkages of natural glucose polymers. 
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This is done by a transfer of glycosyl radicals to water. 

There are two major classes of amylases: a-amylases and j3-

amylases. The a-amylases break internal glucose linkages 

(endoamylases) while conserving their original a-

configuration at the reducing end. The products of this 

enzyme are primarily branched dextrins. In contrast, /9-

amylases cleave external linkages in pairs beginning from 

the reducing end of the chains and reversing their 

configuration. The major product of this reaction is /3-

maltose. Pancreatic amylase is an a-amylase (EC 3.2.1.1, 

[l-4]a-D-glucan glucoanhydrolase). 

There is a great deal of inter-species variation of the 

characteristics of pancreatic amylase. A comparison of 

pancreatic amylase among 5 species with respect to 

isoelectric points (pi) and apparent molecular weight is 

presented in Table 2. The rat pancreas has two isoenzyme 

forms of amylase: form I which has a pi of 8.6 and form I I  

which has a pi of 8.9. The apparent molecular weight of 

amylase is 53-55,000 (1). The pig a-amylase has been 

studied extensively (142-144). Like rat pancreatic amylase 

it has two isoenzyme forms - amylase I (pl=5.9) and amylase 

II (pl=5.4). Both forms have identical structural features 

a single polypeptide chain of about 470 amino acid residues 

with a molecular weight of 53,000. The amino acid 

composition is the same for the two molecular forms except 

for five additional aspartic acid residues plus one 
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TABLE 2: COMPARISON OF PANCREATIC AMYLASE IN FIVE SPECIES1 

Isoelectric Points 

a-Amylase I 

a-Amylase II 

Guinea 
Pig 

8.4 

Rat 

8.6 

8.9 

Rabbit 

6.4 

Dog 

6.0 

Human 

6.3 

Apparent Molecular Weights (x 103) 

Guinea 
Pig Rat Rabbit 

a-Amylase I 52-53 53-55 104 
& II 

Human 

53-54 55 

Modified from Scheele (192). 
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asparagine in amylase I. Pancreatic amylase is rich in 

aromatic residues, which can establish non-covalent bonding 

and are probably responsible for the compact three-

dimensional structure of a-amylase. Although it is unclear 

whether rat a-amylase contains carbohydrate moieties, human 

pancreatic amylase is a glycoprotein with predominantly 

glucose bound in a 1 mole per mole ratio (145). 

Enzvmatic Mechanism. The mechanism of a-amylase action 

is poorly understood due to the difficulty in finding and 

synthesizing a substrate that has a simple and well-defined 

chemical composition and is specific for a-amylase. Kinetic 

studies are difficult because the natural substrate for a-

amylase, starch, has a complex structure that varies with 

its origin. Despite these limitations, a few mechanistic 

properties have been delineated for a-amylase. Amylase 

hydrolyzes starch by multiple attack, cleaving several bonds 

during a particular enzyme complex (145). Amylases from 

different species appear to have different degrees of 

multiple attack toward substrate, which may depend on the 

number of sulfhydryl (-SH) groups in the enzyme. For 

example porcine a-amylase with two -SH groups, has a higher 

degree of multiple attack than human a-amylase with only one 

-SH group. Calcium is a significant component of amylase 

and is bound to the enzyme in a molar ratio greater than 

1:1. Calcium may be required for stabilizing the enzyme in 
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the catalytically active configuration (146,147), but 

probably does not participate directly in the catalysis or 

in the formation of the enzyme-substrate complex. Both 

pancreatic and salivary amylases are activated by chloride 

(CI-) and several other anions (Br~, I~and F~, 148). The pH 

optimum for this enzyme is 7.5 to 8.0. 

Various studies (149) suggest that the active center of 

a-amylase contains a histidine residue and carboxylate. The 

action of amylase on maltodextrins having from three to 

eight glucose units suggests that the binding site of 

amylase may have a length equal to about five of these 

glucose units. Thus, the binding site can be divided into 

five subsites which would ensure the binding of a glucose 

unit to each subsite. Such multiple binding is not unique 

to amylase, and this characteristic is also documented for 

lysozyme (150). The catalytic center for amylase is 

probably found between the second and third subsite. 

Amylase Purification. Amylase has been purified from 

many species by several methods. Loyter and Schramm (151) 

report a technique for amylase purification which involves 

precipitation of the enzyme with glycogen. With this 

method, an essentially pure enzyme is recovered from a crude 

extract as a glycogen-enzyme complex that is insoluble in 

40% ethanol. Vandermeers and Christophe (152) describe 

another purification method which requires several 
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chromatographic steps that separate amylase from other 

digestive enzymes on the basis of molecular weight (Stoke's 

radius) and charge. The use of wheat kernel albumin as an 

affinity ligand has also been described (153). Ovine 

pancreatic amylase is purified by Ettalibi and coworkers 

(154) by a 3-step technique involving ammonium sulfate-

acetone precipitation, DEAE cellulose chromatography and 

specific adsorption on polydextran gel. Finally, Takeuchi 

(155) describes a method of purification of human salivary 

and pancreatic amylase which is similar to that of Ettalibi 

and coworkers with an additional step of affinity 

chromatography on concanavalin A Sepharose 4B. 

While there are numerous reports of amylase 

purification, no one has described a simple, one-step 

affinity chromatographic method until Burrill and coworkers 

(156). This method employs a potent a-glucohydrolase 

inhibitor (a-GHI), Bay g5421, as an affinity ligand for 

amylase. This inhibitor is a complex oligosaccharide with 

an unsaturated cyclitol unit bound to 4,6-dideoxy-4-amino-D-

glucopyranose within a chain of a-l,4-glucopyranose units 

(157). There is a great deal of structural similarity 

between the unsaturated cyclitol unit and the D-glucosyl 

cation, which is the intermediate formed in the enzymatic 

hydrolysis of a-glucosides. Thus, the high activity of this 

competitive inhibitor may be explained by the transition 

state analogue theory (157). This affinity ligand is 
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covalently coupled to aminohexyl-Sepharose 4B (158), and the 

resulting adsorbent is used in a one-step chromatographic 

separation of amylase. After equilibration of pancreatic 

homogenate with the adsorbent, the adsorbent is rinsed with 

buffers of increasing ionic strength to remove non-

specifically bound proteins. Amylase activity is then eluted 

with 0.1% glycogen in phosphate-buffered saline or with 5 mM 

phosphate buffer, pH 5.8. This method gives a high yield of 

amylase that is homogeneous as determined by SDS-gel 

electrophoresis. 

Regulation of Amylase. Pancreatic amylase is primarily 

regulated by two factors: hormones and dietary composition. 

There are numerous reports in the literature concerning 

regulation of amylase activity, synthesis and mRNA levels by 

hormones, dietary components, or an interaction of hormones 

and diet. The first portion of this section reviews the 

hormonal regulation of amylase, while the last part of this 

section reviews dietary regulation of amylase. 

Hormonal control of amylase may involve three different 

hormones acting independently or in various combinations: 

CCK, glucocorticoids and, more importantly, insulin. As 

mentioned previously, CCK stimulates synthesis of pancreatic 

digestive enzymes (94-96) as well as amylase synthesis (94). 

In addition, chronic administration of CCK leads to an 

accumulation of amylase mRNA (92). Conversely, Wicker and 
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coworkers (159) report that prolonged, constant infusion of 

the CCK analogue, caerulein, results in a 14-fold decrease 

in amylase synthesis. Therefore, it is unclear what role 

CCK plays in the regulation of amylase. Glucocorticoids, 

especially dexamethasone, increase amylase mRNA levels, 

amylase content and amylase synthesis in rat exocrine AR42J 

tumor cells (160). Hydrocortisone also stimulates slightly 

amylase synthesis (94). 

The hormone most strongly implicated in the regulation 

of amylase is insulin. Insulin was first proposed as a 

mediator of amylase when Ben Abdeljlil and coworkers (161) 

observed a significant decrease in amylase activity in 

chemically-induced (alloxan) diabetic rats, which can be 

reversed with insulin administration. Soling and Unger 

(162) observe a similar phenomenon with amylase synthesis. 

Korc and coworkers (163) observe a decrease in amylase mRNA 

in streptozotocin-treated rats, which can also be reversed 

by insulin. Insulin also stimulates amylase synthesis in 

the rat pancreatic tumor cell, AR42J (108). 

Although it appears that insulin plays a role in the 

regulation of amylase, it does not seem to be the sole 

mediator of this regulation. Chronic administration of 

insulin to normal rats, with high circulating levels of 

insulin but low blood glucose levels, results in decreased 

tissue levels of amylase.(123,132,164) and does not change 

amylase synthesis (165). In addition, periinsular acini 
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have a lower concentration of amylase than teliinsular acini 

further from the insulin-secreting islets (166), again 

suggesting a more complex interaction insulin with other 

factors in the regulation of amylase. 

It has been proposed that insulin may interact with 

glucose in the adaptation of amylase (123). This hypothesis 

is supported by several observations. First, insulin 

stimulates glucose uptake in pancreatic acini from normal 

(167) or diabetic (4) rats. It is possible that this 

increased intracellular glucose may stimulate changes in 

amylase synthesis or mRNA levels by acting alone or by 

interacting with other factors such as hormones. Bazin and 

Lavau (168) report decreased transport and oxidation of 

glucose in acini from rats fed a HF diet when compared to 

rats fed a HC diet. Finally, treatment of diabetic rats 

with insulin restores amylase only if the rats are fed a HC 

diet (136), suggesting that acinar cells require both 

insulin and glucose for amylase regulation. While there is 

evidence to support this interaction, the direct effects of 

insulin and glucose on amylase adaptation are unknown. 

Many studies demonstrate that increasing dietary 

carbohydrate content leads to an increase in the levels of 

amylase in the pancreatic tissue and juice 

(120,133,169,170). This dietary adaptation of amylase 

occurs within 24 h after a change in the dietary 

composition, and reaches a maximum after 6 d (171). The 



47 

synthesis of amylase also adapts to changes in diet by 

increasing in response to HC diets (172-174) and decreasing 

in response to diets high in protein (172-174) or fat (127). 

Recent reports measuring amylase mRNA by cDNA hybridization 

(175) or by an in vitro translation system (99,175) document 

an increase in amylase mRNA in response to HC diets. Giorgi 

and coworkers (175) postulate that pancreatic amylase 

adaptation to diet is regulated at the pre-translational 

level because they observe similar modulation by diet 

composition of amylase mRNA levels and amylase synthesis. 

Also, there is more total amylase mRNA (determined by cDNA 

hybridization) than active mRNA (determined by in vitro 

.translation) to account for the observed adaptation of 

amylase synthesis. This implies that the availability 

(either transcription-dependent or degradation-dependent) of 

amylase mRNA may be increased by dietary factors. Yet, some 

of this newly available mRNA may be stored, and only a 

portion of it is translated into de novo amylase protein. 

Ingestion of a meal results in the production or release 

of three categories of effectors potentially responsible for 

amylase adaptation: neurotransmitters, hormones and the 

products of food digestion reaching the circulation. While 

there is no substantial evidence for the role of 

neurotransmitters in the specific adaptation of amylase, 

there is some evidence for hormone-diet interaction in 

amylase regulation. Aside from the aforementioned insulin-
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glucose interaction, CCK is also implicated in this 

regulation. Johnson and coworkers (125) report that amylase 

adaptation to a HC is impossible without a certain amount of 

protein and propose this protein enables a minimum release 

of CCK. However, this effect may not be specific for 

amylase regulation by CCK, because a minimum amount of 

dietary protein is necessary for protein synthesis in the 

acinar cell. Thus, the absence of dietary protein may not 

affect CCK release as much as it may limit the synthesis of 

amylase in response to a HC diet by limiting the 

availability of essential amino acids to the acinar cell. 

There is considerable evidence supporting the role of 

the third group of effectors in amylase dietary adaptation: 

hydrolysis products of carbohydrate (CHO), particularly 

glucose. First, all molecular forms of CHO that result in 

elevated levels of circulating glucose stimulate an 

increased tissue concentration of amylase when given as the 

only source of dietary CHO. These forms include starch 

(120), sucrose (123,164), glucose (133,176,177) and fructose 

(137,177). Galactose (137,178) and lactose (137) are not 

effective in the stimulation of amylase. Although it is 

known that lactose is poorly absorbed in the rat, and 

therefore a poor contributor of blood glucose, the 

ineffectiveness of galactose is not understood. In 

addition, parenteral administration of glucose (164,179) 

over several days increases pancreatic amylase content in 
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rats eating moderate amounts of carbohydrate. These 

findings, combined with the known effect of insulin on 

amylase, support the hypothesis that insulin and glucose may 

interact to regulate amylase. Future studies on the direct 

cellular effects of glucose and insulin alone or in 

combination may elucidate the mechanism of this interaction. 

ACINAR CELL CULTURE 

It has been difficult to study the mechanism of dietary 

adaptation of amylase and other digestive enzymes because of 

the lack of an acinar cell culture in which the cells 

maintain physiological integrity (i.e. long-term viability, 

full differentiation and hormone and secretagogue 

responsiveness). To date there are four methods of primary 

acinar cell culture and one for primary acini culture, all 

of which differ in their criteria for assessing the 

physiological integrity of the acinar cell. 

Pancreatic Acinar Cells. The first system developed is 

reported by Oliver (180) and consists of rat acinar cells 

cultured 10 days in a serum-containing medium. The 

criterion used to assess this system is maintenance of 

ultrastructural morphology (ZG and copious RER). These cells 

are not hormonally responsive due to the presence of serum 

factors in the medium (181). This lack of responsiveness to 

hormones is not unexpected, since other investigators report 



50 

an interference of hormonal-cellular interaction in the 

presence of serum in other cell types (182-185). 

Logsdon and Williams (186) have cultured mouse 

pancreatic acinar cells for up to 2 weeks on collagen gels 

in a serum-containing medium. These cells attach to the 

collagen matrix, spread out, divide and form confluent 

monolayers of cuboidal cells by days 11-14. The authors 

report morphology similar to pancreatic acinar cells despite 

their observation of altered cell shape and a decrease in ZG 

content. Although the cells respond to caerulein (a CCK 

analogue) with increased DNA and protein synthesis, these 

cells are not secretagogue responsive. They do not exhibit 

stimulated secretion in the presence of secretagogue, 

perhaps due to the presence of serum factors in the medium. 

More recently, Bendayan and coworkers (187) report a 

modification of Oliver's (180) procedure in which acinar 

cells are cultured on extracellular matrix in a serum-

containing medium. In this system, the acinar cells 

reaggregate into acini in the presence of serum. 

Extracellular matrix may be an important regulator of acinar 

cell function because it contains a number of factors that 

induce dramatic morphological changes, are potent inducers 

of gap junction synthesis and can regulate tissue-specific 

gene expression in primary liver cell cultures (188). 

Bendayan relies on ultrastructural morphology to assess his 



51 

system and does not consider the maintenance of secretory 

responsiveness and biochemical function in these cells. 

All of the aforementioned culture methods fail to report 

a primary culture of pancreatic acinar cells that is 1) 

differentiated, 2) viable in a long-term culture and 3) 

responsive to hormones and secretagogues. Recently, Brannon 

and coworkers (181) describe an acinar cell culture system 

that meets these criteria. These acinar cells are isolated 

from rats weighing 50 to 75 g by a modification of Oliver's 

(180) procedure and are maintained at a density of 1 x 106 

cells/well in Waymouth's MB 752/1 serum-free medium 

supplemented with 25 ng/ml EGF, 1 x 10~8 M DEX, 10 mg/ml 

albumin, 25 mM HEPES buffer, 0.1 mg/ml soybean trypsin 

inhibitor and antibiotics. These cells loosely associate 

with the bottom of the cell culture plate. Cellular 

viability (85-90%) and DNA remain fairly constant through 

the first 4 d in culture. After 6 d in culture, viability 

drops to 80% and DNA decreases by 30%. Cellular protein, 

in contrast, decreases 35-45% during 4 days of culture. 

Cellular amylase activity decreases substantially (70%) 

within the first 2 d of culture, but then declines only 

slightly during the following 8 d. Both freshly isolated 

and cultured cells secrete amylase into the medium 

throughout the culture period. More importantly, these 

acinar cells are responsive to the secretagogue carbamyl 

choline. Amylase secretion from freshly isolated acinar 
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cells is stimulated 100% by the addition of carbamyl choline 

to the media. Cells cultured 48 h also respond to carbamyl 

choline stimulation, but with a slightly lower increase 

(64%) in amylase secretion than that seen in the freshly 

isolated cells. 

Morphological examination of these cells reveals the 

typically large, rounded shape of acinar cells with 

intracellular vesicles and, possibly, apical polarity. The 

typical acinar cell ultrastructure is observed in freshly 

isolated cells: ZG and large amounts of RER. Cells 

cultured for 72 h exhibit a decrease in the ZG number; 

however, the ZG and condensing vacuoles are present in these 

cells as well as are substantial amounts of RER. In 

addition, these cells are responsive to the hormones. 

Insulin increases cellular and secreted amylase activity 

after 3 d in culture, while not altering the protein-to-DNA 

ratio. Further, epidermal growth factor (EGF) is required 

for the maintenance of these cultured cells in serum-free 

medium and stimulates protein synthesis (193). 

Pancreatic Acini. Logsdon and Williams (189) report a 

short-term culture of pancreatic acini. These acini 

demonstrate morphology that is differentiated in all 

respects except for the presence of degenerating secretory 

granules and some autophagic vacuoles. These cells also 

maintain biochemical function in culture (cellular amylase 
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content, hormone-responsiveness and protein synthesis). The 

limitation of this system is the inability of these acini to 

maintain their differentiated function beyond 24 h in 

culture. 



MATERIALS AND METHODS 
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MATERIALS 

The following were purchased from Gibco Laboratories, 

Grand Island, New York: Ham's F-12 medium, Waymouth's MB 

752/1 medium, Hank's Balanced Salt Solution with no Ca2+ or 

Mg2+ (HBSS), calf-serum (CS), 7.5% Na2HC03, 1 M (HEPES) 

4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid buffer 

(HEPES), 200 mM glutamine, 10X antimycotic-antibiotic 

solution, and 0.5% trypan blue. The following were 

purchased from Sigma Chemicals, St. Louis, Missouri: 

dexamethasone, crystallized and lyophilized bovine serum 

albumin, trichloroacetic acid (TCA), ethylenediamine-

tetraacetic acid (EDTA), Sigma 2E enzyme standard, 

phenylalanine, sodium azide, ficoll and w-aminohexyl-

Sepharose-4B. The following were purchased from Biorad, 

Richmond, California: acrylamide, sodium dodecyl sulfate 

(SDS), bis-acrylamide, ammonium persulfate, N,N,N,N'-

tetramethyl-ethylenediamine (TEMED), Coomassie Brilliant 

Blue R-250, SDS—PAGE low molecular weight standards, tris 

base, glycine and bromophenol blue. The following were 

purchased from the indicated sources: rats (Harlan, 

Indianapolis, Indiana), Phadebas blue starch (Pharmacia 

Diagnostic, Piscataway, New Jersey), 24-well cluster plates 

(CoStar, California), Wayne Blox rodent diet (Wayne Research 

Animal Diets), all purified diet components (U.S. 
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Biochemicals, Cleveland, Ohio), collagenase type II and 

hyaluronidase (Worthington Biomedical, Corp., Freehold, New 

Jersey), Nytex filters (Namsco, Stafford, Texas), epidermal 

growth factor (Bethesda Research Labs, Gaithersburg, 

Maryland), [3H]-phenylalanine and ACS liquid scintillation 

cocktail (Amersham, Arlington Heights, Illinois), a-

glucohydrolase inhibitor (a-GHI Bay g5421, Donn 

Laboratories, West Haven, Connecticut), oyster glycogen 

(Serva, Heidelberg, Germany), sodium borohydride (FEM 

Science, Gibbstown, New Jersey), glycerol (Fisher 

Scientific, Fair Lawn, New Jersey), and microfuge tubes 

(West Coast Scientific Incorp., Emeryville, California). 

METHODS 

Experimental Obiectives. The objective of this study 

was to determine the effect of antecedent diet on the 

relative amylase synthesis in cultured pancreatic acinar 

cells. In order to measure amylase synthesis, it was 

necessary to devise a method of separating amylase from 

other acinar proteins that was suitable for the small scale 

of the cell culture system. Thus, the first experiments 

were designed to determine the binding capacity and 

specificity of the affinity adsorbent, a-GHI-Seph, for 

acinar radiolabelled proteins. These experiments that 

established conditions of specific separation of acinar 

amylase protein were followed by a time-course study of the 
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incorporation of [3H]-phenylalanine into acinar amylase and 

total protein, in order to determine a linear period of 

incorporation during which the relative amylase synthesis 

could be measured. Finally, acinar cells were isolated from 

rats fed various diets for seven days and cultured. De 

novo synthesis of amylase was determined by the 

incorporation of [3H]-phenylalanine into amylase-protein 

that was measured by the amylase affinity adsorbent 

procedure developed in the initial experiments. 

Animals and Diets: Male weanling Sprague-Dawley rats 

(40-60g) were maintained on a 12-hour light-dark schedule 

and fed ad libitum either a commercial unpurified (CU) diet 

(Wayne Blox) that contained 24% crude protein, 4% crude fat 

and 4.5% crude fiber (see Table 3 for diet composition); a 

purified high fat (HF) diet; or a purified high carbohydrate 

(HC) diet (193) for 7 days. The HF diet contained 67% total 

kcal as fat (corn oil) and 10% of total kcal as carbohydrate 

(cornstarch), while the HC diet had 67% of total kcal as 

carbohydrate and 10% of total kcal as fat. These purified 

diets were iso-energetic and iso-nitrogenous, but varied in 

content of cellulose, a non-energetic dietary component. 

See Table 4 for the purified diet compositions. 

Isolation and Culture of Acinar Cells. For each 

isolation of pancreatic acinar cells, one rat per in vitro 



57 

TABLE 3: COMPOSITION OF WAYNE RODENT BLOXR1 

Guaranteed Analysis 
Crude Protein (min) 24.0% 
Crude Fat (min) 4.0% 
Crude Fiber (min) 4.5% 

1Ingredients: 

Corn and wheat flakes, ground corn, soybean meal, fish meal, 
wheat middlings, wheat red dog, dried whey, brewers dried 
yeast, soybean oil, animal liver meal, cane molasses, 
vitamin A supplement, D-activated animal sterol (source of 
vitamin D), vitamin E supplement, menadione sodium bisulfite 
complex (source of vitamin K activity), riboflavin 
supplement, niacin supplement, calcium pantothenate, choline 
chloride, thiamin, ground limestone, calcium phosphate, 
salt, manganous oxide, copper oxide, iron carbonate, 
ethylenediamine dihydriodine, cobalt, carbonate and zinc 
oxide. 



58 

TABLE 4: COMPOSITION OF PURIFIED DIETS1 

DIET 
HF HC 

Component %wt 

Casein 20.0 

DL-methionine 0.3 

Salts2 3.5 

Vitamins3 1.0 

Choline 
Bitartrate 0.2 

Cellulose 5.0 

Corn Oil 5.0 

Corn Starch 65.0 

%kcal 

20.7 

0.3 

0.3 

1.0 

10.4 

67.0 

%wt 

20.0 

0.3 

3.5 

1.0 

0 . 2  

34.8 

28.9 

11.3 

%kcal 

20.7 

0.3 

0.3 

1.0 

67.0 

10.4 

•'•Modified from Snook (123) 

2AIN Mineral Mixture 76 

3AIN Vitamin Mixture 76 
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treatment was killed by decapitation; and the pancreas was 

removed aseptically. Rats were killed in the fed state at 

0700-0800 a.m. Pancreatic acinar cells were isolated and 

cultured by the method of Brannon and coworkers (181). This 

method is summarized in Figure 3. Briefly, pancreata were 

minced into 1 to 2mm pieces and incubated with 10 ml of HBSS 

with 2 M EDTA at 37°C for 15 min while shaking 120 cycles 

per minute (cpm). The chelated mixture was centrifuged for 

2 min at 500xg; the supernatant was discarded; the pellet 

was rinsed with 10 ml of Ham's F-12 medium and centrifuged 

for 2 min at 500xg; and the supernatant was discarded. The 

tissue pellet was digested with 10 ml of 1 mg/ml collagenase 

type II, 1 mg/ml hyaluronidase and 1% heat-inactivated calf 

serum (HI-CS) in Ham's F-12 medium at 37°C for 20 min at 120 

cpm in a shaking water bath. Following centrifugation at 

500xg for 2 min, the supernatant was discarded; the pellet 

was rinsed with 10 ml of HBSS; and the chelation and 

digestion were repeated in sequence as described. After the 

second digestion and rinse with 5% HI-CS Ham's F-12 medium, 

the suspension was filtered through 500 and 25 i*m Nytex 

filters, layered onto 5% HI-CS and 6% ficoll and centrifuged 

at 200xg for 10 min. The acinar pellet was rinsed with 10 

ml of 5% HI-CS and Ham's F-12 and then 10 ml of Waymouth's 

medium 752/1 (with 25 mM HEPES, 200 mM glutamine, 0.01% 

soybean trypsin inhibitor, 50 U/ml penicillin, 50 nq/ml 

streptomycin, and 5 Mg/ml Fungizone), and resuspended in 3 
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Aseptic removal of pancreas 

Y 
Chelation of divalent cations 

Y 
Digestion with collagenase-hyaluronidase 

Repeat chelation and digestion 

Y 
Dispersal of cells 

Separation of exocrine acinar cells in ficoll 

Y 
Culture 1 x 10-6 cells in 2 ml of serum-free medium 

FIGURE 3 i ISOLATION OF PANCREATIC ACINAR CELLS 
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ml of Waymouth's medium. Cell number and viability were 

determined by trypan blue dye exclusion using a cell 

suspension containing 0.08% trypan blue dye. Cells (1 x 

106/well) were plated in 24-we11 clusters in 2.0 ml of 

Waymouth's serum-free medium and incubated at 37°C with 5% 

humidified C02 for up to 48 h. Serum-free medium (181,193) 

was composed of Waymouth's medium with 10 mg/ml bovine serum 

albumin, 1 x 10*"8 M dexamethasone and 42 pM epidermal growth 

factor (EGF). Cells were harvested and centrifuged at 500xg 

at 4°C for 2 min; the supernatant was discarded, and cell 

pellets were washed twice with ice-cold phosphate-buffered 

saline (PBS) and frozen for subsequent analysis. 

Analyses of Cellular Protein and Amylase. Frozen cell 

pellets were homogenized in 0.50 ml PBS by sonication on ice 

for 15 s. Aliquots of homogenates were assayed for cellular 

protein by the method of Lowry (194) with bovine serum 

albumin as the standard. This method requires complexing 

the protein with copper under alkaline conditions. This 

complex is then reduced by the addition of the Folin-

Ciocalteu (phosphomolybdic-phosphotungstic) reagent, and the 

resulting blue product is measured spectrophotometrically at 

660 nanometers (nm). Homogenates were also assayed for 

cellular amylase activity by the Phadebas blue starch method 

(195,196) using Sigma Enzyme 2E standard. In this assay, 

the amylase substrate is a cross-linked starch polymer to 
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which a blue dye is covalently coupled. When a-amylase 

hydrolyzes the (l-4)-glycan bonds of this water-insoluble 

susbstrate, soluble starch-dye moieties are formed that are 

measured spectrophotometrically at 620 nm. The amount of 

blue dye in solution is proportional to the a-amylase 

activity in the sample. Amylase activity was expressed as 

units (U, /timoles maltose released per minute). 

Incorporation of r^-HI-phenylalanine into Protein. To 

measure the incorporation of [3H]-phenylalanine ([3H]-phe) 

into TCA-precipitable protein, 10.0 nCi of [3H]-phe was 

added to each well in 50 nl aliquots of Waymouth's medium. 

(Final concentration 5 /iCi/ml medium.) Cells were incubated 

and harvested in duplicate at the times indicated after the 

addition of 0.4 ml of ice cold 100 mM phenylalanine. The 

cells were centrifuged at 500xg at 4°C for 2 min, rinsed 

twice, then homogenized in 0.6 ml ice-cold PBS. Aliquots 

(30 fil each) were taken for protein determination. An 

aliquot was removed for determination of [3H]-phe 

incorporation into amylase protein as described in the 

following section. A final aliquot (100 fil) of the 

homogenate was incubated 20 min of ice in 10% TCA with 20 /xg 

bovine serum albumin, centrifuged at 4°C for 4 min at 

2000xg. Pellets were washed twice with 10% TCA, dissolved 

in 0.1 N NaOH and counted in ACS liquid scintillation 

cocktail. Counts incorporated into cellular protein were 
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expressed as net [3H]-phe incorporation (dpm)/mg cellular 

protein. 

Incorporation of r3-H1-Phenylalanine into Amylase. 

Incorporation of t3H]-phe into amylase protein was 

determined in cell homogenates using an affinity adsorbent 

for amylase (156). This affinity adsorbent, a-GHI-Sepharose 

4B (a-GHI-Seph) was prepared as previously described (158). 

Briefly, w-aminohexyl-Sepharose (4 g) was swelled in 0.2 M 

phosphate buffer (pH 7.0) for 24 h at 4°C. After filter 

washing with an excess of phosphate buffer, the Sepharose 

was combined with a-GHI (Bay g5421, 200 mg) and phosphate 

buffer and shaken at 4°C. After 30 minutes, sodium 

borohydride (100 mg) was added and the mixture was shaken. 

After 6 h, additional sodium borohydride (100 mg) was added 

and the mixture was shaken for 22 h. Finally, the mixture 

was washed with deionized water and brought to volume (50% 

a-GHI-Seph/50% phosphate buffer); sodium azide (0.02%) was 

added, and the affinity adsorbent was stored at 4°C. 

Immediately prior to use, 0.5 ml of the adsorbent was 

transferred to a microfuge tube and centrifuged at 15,600xg 

for 8 s in an Eppendorf microfuge. The supernatant was 

discarded, and the adsorbent was rinsed with PBS and 

resuspended in 0.5 ml PBS. All subsequent steps were 

performed at 4°C unless otherwise indicated. The aliquot of 

the cellular homogenate for amylase was centrifuged at 

100,00xg for 60 min. An aliquot of the supernatant was 



64 

applied to the affinity adsorbent, and this mixture was 

shaken for 30 min. This sample was centrifuged at 15,600xg 

for 8 s and the post-incubation supernatant was removed. The 

adsorbent was rinsed once with 1.0 ml of 0.15 M NaCl buffer 

followed by 1.0 ml of 0.5 M NaCl buffer (156). Amylase 

protein was dissociated from the adsorbent with 0.75 ml of 

0.1% glycogen in 0.15 M NaCl buffer, pH 7.4. An aliquot 

(0.7 ml) of the eluted protein was counted in ACS liquid 

scintillation cocktail in a Packard scintillation counter 

with a wide 3H-channel. Counts incorporated into amylase 

protein were expressed as net [3H]-phe incorporation 

(dpm)/mg cellular protein. Relative amylase synthesis was 

expressed as the ratio of net [3H]-phe incorporation into 

amylase protein to net [3H]-phe incorporation into cellular 

protein x 100. 

Additional studies were done to determine the binding 

capacity and the specificity of this affinity adsorbent. 

To determine binding capacity, various known amounts of 

amylase activity were applied to the adsorbent. Nonbound 

amylase activity was measured in the post-incubation 

supernatant and in the subsequent washes. Bound amylase 

activity was the difference between the total activity 

applied to the adsorbent and the nonbound activity recovered 

in the in the post-incubation supernatant and washes. The 

bound activity was expressed as a percentage of total 

amylase activity applied to the adsorbent. 
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Specificity of this affinity adsorbent was examined 

using SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 

This validation experiment is summarized in Figure 4. 

Pancreatic acinar cells were isolated as described above. 

The cells were then incubated with [3H]-phe (5 /aCi/ml) for 

24 h, harvested and pooled (six wells per sample), as 

previously described. The resulting pellet was homogenized 

in 0.40 ml PBS and centrifuged at 100,000xg at 4°C for 60 

min. An aliquot of the cellular homogenate was incubated 

with the affinity adsorbent as described. A 100 n1 aliquot 

of the glycogen-dissociated material was combined with 

sample buffer (187.5 mM tris, 6% SDS, 30% glycerol and 

0.003% bromophenol blue) and mercaptoethanol (1.3%). A 75 

Hi aliquot of this sample preparation, a purified amylase 

sample and low molecular weight standards were 

electrophoresed on a 7.5% SDS polyacrylamide-gel (197). The 

dissociated sample lanes were cut into 0.5 cm pieces, 

digested in 30% hydrogen peroxide at 60°C overnight, and 

counted in ACS liquid scintillation cocktail. The amylase 

and standards were stained in 0.25% Coomassie Blue. The Rf 

(the ratio of the distance from origin to the protein to the 

distance from origin to dye front) of the amylase and 

dissociated materials were determined. 
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Incubate acinar cells with 3H-phe 24 h 

T 
Harvest acinar cells y 

Homogenize in PBS, pH 7.4 (4*C) 

Y 
Centrifuge for 60 min at 100,000xg at 4*C (discard pellet) 

Y 
Incubate supernatant with 50% suspension of a-GHI-Seph 

in PBS for 30 min at 4*C 

Y 
Centrifuge at 15,600xg 8s; discard supernatant 

Y 
Wash adsorbent with PBS then 0.5 M NaCl-5 mM P04, pH 7.4 

Y 
Elute with 0.1% glycogen-PBS for 15 min at 4*C 

Y 
Centrifuge at 15,600xg for 8 s 

Y 

Remove supernatant 

Y 
Electrophorese on SDS-PAGE 

Y 
Cut Gel into 0.5 cm pieces 

Y 
Dissociate with H2O2 at 60*C overnight 

Y 
Count 3H-protein 

FIGURE 4; SDS-PAGE VALIDATION OF AFFINITY ADSORBENT 
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Data Analyses. Data were analyzed by one- or two-way 

analysis of variance (ANOVA) and least significant 

differences (LSD, 198). In studies of the rates of 

incorporation, data were analyzed by least-squares linear 

regression (198). Finally, the relationship between 

cellular amylase content and relative amylase synthesis was 

analyzed by curve fitting analysis (198). 
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Characteristics of the a-GHI-Seph Affinity Adsorbent. 

The binding capacity and the specificity of the a-GHI-Seph 

affinity adsorbent for amylase were examined. To ascertain 

the adsorbent's binding capacity, the binding of amylase to 

the adsorbent was determined over a range of amylase 

activity (Table 5). Specifically, the percent of total 

amylase activity applied to the adsorbent that was actually 

bound was determined. The binding at the lowest level of 

applied amylase activity (5.8 U) was significantly higher 

(82%) than the binding at higher levels of applied activity 

(11.4 to 46.2 U) at76%; however, the overall difference in 

binding among the various applied activities was small (less 

than 10%). 

To determine the specificity of the adsorbent for 

amylase, dissociated 3H-protein from the adsorbent was 

subjected to SDS-polyacrylamide gel electrophoresis. As 

illustrated in Figure 5, the 3H-protein comigrated (Rf=0.30) 

with purified amylase (Rf=0.31). One hundred percent of the 

radioactivity applied to the gel was recovered, and the 

major peak contained 90% of the radioactivity. A minor peak 

containing 9% of the applied radioactivity was seen at a 

lower molecular weight than the major amylase peak. 
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TABLE 5: BINDING OF AMYLASE TO a-GHI-SEPHAROSE 
AFFINITY ADSORBENT-

Amylase Activity Applied (U) 

5.8 ± 0.3 

11.4 ± 0.6 

23.1 ± 1.7 

34.6 ± 2.5 

46.2 ± 3.5 

% Bound^. 

82 ± 3a 

73 

A3 CM +1 

76 ± 3b 

77 ± 2ab 

76 ± 3b 

•'•Freshly isolated pancreatic acinar cells from rats fed CU 
diet were homogenized in PBS and these samples were 
centrifuged at 100,000xg for 60 minutes. The resulting 
supernatant was assayed for amylase activity, and various 
amounts of this homogenate were applied to the a-GHI-Seph 
affinity adsorbent. Amylase protein was purified as 
described earlier. 

2Percent bound was calculated as total amylase activity 
applied - unbound amylase activity * total amylase activity 
applied x 100. Results are expressed as the mean ± SEM for 
duplicate samples from two experiments. 

aWalues not sharing a superscript differed significantly 
(p<0.05) by ANOVA and LSD (198). 
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Amylase 

FIGURE 5: SDS-PAGE PROFILE OF a-GHI-AFFINITY ADSORBENT 
DISSOCIATED ACINAR PROTEIN. 

Dissociated 3H-acinar protein from the a-GHI-affinity 
adsorbent was electrophoresed on 7.5% polyacrylamide gel. 
The gel was cut into 0.5 cm pieces, digested in 30% H202 at 
60*C overnight and counted. 100% of the applied 
radioactivity was contained in the major peak (Rf=0.30) 
which comigrated with purified amylase (Rf=0.31). 
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Incorporation of rlHI-phe Into Total and Amylase 

Protein bv Cultured Cells. A time-course study of the 

incorporation of [3H]-phe into amylase protein and TCA-

precipitable (total) protein was performed in order to 

determine a period of linear phenylalanine incorporation 

into protein. Incorporation of labelled amino acid into 

amylase protein (Figure 6A) and total protein (Figure 6B) 

was linear from 0 to 240 min (r=0.97 for both amylase and 

total protein) in freshly isolated acinar cells from rats 

fed a CU diet. Incorporation of label into amylase and 

total protein (r=0.91 and r=0.98, respectively) was also 

linear from 0 to 240 min in acinar cells cultured 24 h (data 

not shown). From these data, a 180 min incubation with 

[3H]-phe was selected to determine phenylalanine 

incorporation in both freshly isolated and cultured cells 

from rats fed CU, HF and HC diets in subsequent experiments. 

Relative rates of amylase synthesis in cells from CU-

fed animals decreased through 48 h in culture (Table 6). 

Absolute [3H]-phe incorporation into amylase protein 

decreased with time in culture (p<0.05). Absolute [3H]-phe 

incorporation into TCA-precipitable protein also 

significantly decreased with time in culture, so the 

relative rates of amylase synthesis were not altered in 

cells cultured 24 h, and decreased in cells cultured 48 h. 

Effects of Diet on Amylase Activity and Cellular 

Protein. To determine the effect of diet on cellular 
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A. Amylase 

y =-0.2 + 0.028 x, r = 0.97 

CL 

O) 

CO 

Q. 
•o B. Total Protein 

40 

y =-2.3 + 0.19 x, r = 0.97 
q. 30 

20 

to 

60 120 240 

Time (min) 

FIGURE 6: [3H]-PHE INCORPORATION INTO AMYLASE (A) AND 
TOTAL PROTEIN (B) BY FRESHLY ISOLATED ACINAR 
CELLS. 

[3H]-phenylalanine incorporation was determined at the 
indicated intervals in freshly isolated acinar cells from 
rats fed a CU diet. Data were analyzed by least squares 
linear regression (198). 
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TABLE 6: [3H]-PHE INCORPORATION INTO AMYLASE 
PROTEIN AND TOTAL PROTEIN BY CULTURED 
RAT ACINAR CELLS.1 

[3H]-phe incorporation2 
(dpm)/mg protein 

Amylase Relative 
Time (d) Amylase Total Protein Synthesis^. (%) 

0 13909±2812a 87085±9336a 15.2a 

24 7764±1196b 46323±5357b 17.7a 

48 1131±407c 7872±1816c 8.3b 

•'•Cultured pancreatic acinar cells were isolated from rats 
fed a CU diet and cultured 48 h in serum-free medium. Cells 
were then incubated 180 minutes with 5 fiCi/ml [3H]-phe. 

2Values represent the mean ± SEM of triplicate samples from 
3 experiments. 

3Amylase relative synthesis is the ratio of [3H]-phe 
incorporation into amylase protein to [3H]-phe incorporation 
into total protein x 100. 

abcValues not sharing a superscript for each parameter 
differed significantly (p<0.05) by ANOVA and LSD (198). 
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amylase activity and cellular protein, acinar cells were 

isolated from rats fed HF or HC diets and cultured. 

Antecedent diet had a dramatic effect on amylase activity 

(Table 7). Total amylase activity (U/well) in cells 

isolated from HC-fed rats was significantly (p<0.05) higher 

(7-fold) than amylase activity in cells from HF-fed rats at 

isolation and remained significantly higher (6-fold) through 

24 h in culture. Amylase activity in the HC cells 

significantly decreased (80%) with time in culture, so that 

the difference between HC and HF cells was not significant 

by 48 h in culture. Amylase activity in HC cells still 

tended to be higher (24-fold) than in HF cells at 48 h. 

There was no significant effect of time on amylase activity 

in cells from HF-fed rats. There was, however, a 

significant interactive effect of time and diet on amylase 

activity in these cells. However, amylase activity in HF 

cells tended to decrease with time in culture from 21 U/well 

to 1.4 U/well. There was a significant (p<0.00001) 

independent effect of time on total amylase activity. 

Activity was greatest in freshly isolated cells and 

decreased with time in culture. There was also a 

significant (p<0.00001) independent effect of diet on total 

amylase activity, which was higher in cells isolated from 

HC-fed rats when compared to cells isolated from HF-fed 

rats. Finally, there was an interactive effect of time and 

diet on total amylase activity. 
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TABLE 7: EFFECTS OF ANTECEDENT DIET ON CELLULAR AMYLASE 
ACTIVITY AND TOTAL CELLULAR PROTEIN IN CULTURED 
ACINAR CELLS.1 

Time in Culture (h) Antecedent Diet 

EE HC 

Total Cellular Amylase Activity (U/well)2'3 

0 21.1 ± 10.0C (3) 148.1 ± 71.2a (4) 

24 13.8 ± 5.2C (3) 79.7 ± 24.7b (3) 

48 1.4 ± 0.3C (2) 33.9 ± 6.4C (3) 

Total Cellular Protein (mg/well)2'4 

0 0.23±0.06ab (3) 0.28±0.07a (4) 

24 0.17±0.10bc (3) 0.22±0.04ab (3) 

48 0.24±0.01a (2) 0.15±0.06c (3) 

^•Acinar cells were isolated from rats fed HC (high 
carbohydrate) or HF (high fat) diets for 7 d and cultured in 
serum-free medium for 48 h. Values represent the mean ± SEM 
for at least triplicate samples from the number of 
experiments indicated in parentheses. 

2Each sample well contained approximately 1 x 106 cells. 

3There was a significant (p<0.00001) independent effect of 
time on total amylase activity: 0 h > 24 h > 48 h. There 
was also a significant (p<0.00001) independent effect of 
diet on total amylase activity: HC > HF. 

4There was no effect of diet on total cellular protein. 
There was a significant (p<0.001) independent effect of time 
on total cellular protein: 0 h > 24 h = 48 h. 

abcValues not sharing superscripts differed significantly 
(p<0.05) by ANOVA and LSD (198). 
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Antecedent diet had no effect on total cellular protein 

(Table 7); while time in culture had a significant 

independent effect resulting in an overall decrease in 

cellular protein (p<0.001). There was also an interaction 

between time and diet on cellular protein. Cells from HF-

fed rats demonstrated no significant change in protein from 

0 to 48 h while cells from HC-fed rats had a 50% decrease in 

protein content during 48 h in culture. 

Effect of Diet on Amylase Relative Synthesis. To 

determine the effect of diet on relative amylase synthesis, 

acinar cells were isolated from rats fed HC or HF diets for 

7 d; and de novo amylase synthesis was measured by the 

incorporation of [3H]-phe into amylase and total protein. 

Amylase relative synthesis was 192% higher (p<0.05) in 

freshly isolated cells from rats fed HC diet, and remained 

significantly higher (162%) through 48 h in culture, than HF 

cells (Table 8). Although amylase relative synthesis 

significantly decreased during culture in both HF and HC 

cells (39% and 49%, respectively), the decrease was similar 

in both groups such that the initial difference in relative 

amylase synthesis was maintained throughout the culture 

period (Figure 7). There was no independent effect of diet 

on cellular protein (Table 8); however, there was a 

significant (p<0.001) overall decrease in cellular protein 

with time in culture. Cellular DNA was not affected by 
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TABLE 8: EFFECTS OF DIET ON RELATIVE AMYLASE SYNTHESIS, 
CELLULAR PROTEIN AND DNA IN CULTURED ACINAR 
CELLS.1 

Time in Culture (ch Antecedent Diet 
HE HC 

Amylase Relative Synthesis (%)2 

0 (3) 11.7±0.6a (4) 

24 6.0±1.0b (3) 9.8±0.9a (3) 

48 3.7±1.2C (3) 6.0±0.8b (3) 

Cellular Protein (mg/well)3 
0 0.47±0.07 (3) 0.53±0.18 (4) 

24 0.45±0.39 (3) 0.40±0.10 (3) 

48 0.19±0.03 (2) 0.33±0.09 (3) 

Cellular DNA (fig/well)4 
0 7.4±1.5 (3) 7.1±0.6 (2) 

24 6.811.3 (3) 7.4±1.1 (2) 

48 6.3±1.5 (2) 6.0±0.7 (2) 

•'•Acinar cells were isolated from rats fed HC (high 
carbohydrate) or HF (high fat) diets for 7 d and cultured 
(lxlO6 cells) in serum-free medium 48 h. Values represent 
the mean ± SEM for at least triplicate samples from the 
number of experiments indicated in parentheses. 

2There was a significant (p<0.00001) independent effect of 
time on amylase synthesis: 0 h = 24 h > 48 h. There was 
also a significant (p<0.00001) independent effect of diet on 
amylase synthesis: HC > HF. There was no interactive effect 
of time and diet on amylase synthesis. 

3There was no effect of diet on cellular protein. There was 
a significant (p<0.001) independent effect of time on 
cellular protein: D0=D1 > D2. There was no interactive 
effect of time and diet on cellular protein. 

4 There were no significant effects of diet or time. 

abcvaiues not sharing a superscript differed significantly 
(p<0.05) by ANOVA and LSD (198). 
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either time in culture or diet (Table 8). 

The comparative effect of the HF and HC diets on 

amylase activity (U/mg protein) and amylase relative 

synthesis is presented in Table 9. With respect to relative 

amylase synthesis, the ratio of HC/HF values remained 

constant throughout 48 h in culture, while the ratio HC/HF 

with respect to amylase activity increased with time in 

culture. 

The relationship between amylase relative synthesis and 

cellular amylase activity was not linear (Figure 8). By 

curve-fitting regression analysis, this relationship was 

best described by an exponential function, y=0.88x2*2. The 

correlation of this best fit exponential was strong 

(r=0.86). 
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Time in Culture (day) 

FIGURE 7: EFFECTS OF DIET ON AMYLASE RELATIVE SYNTHESIS 
IN CULTURED ACINAR CELLS. 

Values represent the mean ± SEM for triplicate samples 
from at least 2 experiments. Values not sharing a 
superscript differed significantly (p<0.05) by ANOVA and LSD 
(198). 
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TABLE 9: COMPARATIVE EFFECT OF DIETS HIGH IN FAT AND 
CARBOHYDRATE ON AMYLASE ACTIVITY AND RELATIVE 
SYNTHESIS IN CULTURED ACINAR CELLS.1 

Ratio HC/HF 

Time in Culture (h) Activity Relative Synthesis 

0 7.0 1.9 

24 5.7 1.6 

48 22.3 1.6 

•'•Acinar cells were isolated from rats fed HC (high 
carbohydrate) or HF (high fat) diets for 7 d and cultured in 
serum-free medium 48 h as described in Tables 7 and 8. 
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FIGURE 8: REGRESSION ANALYSIS OF AMYLASE ACTIVITY VERSUS 
RELATIVE SYNTHESIS IN CULTURED ACINAR CELLS. 

Cellular amylase activity (U/mg protein) was analyzed 
as a function of amylase relative synthesis (data from Table 
6) by curve-fitting regression analysis (198). 
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These results confirm the adaptation of pancreatic 

amylase to dietary carbohydrate. Feeding a HC diet 

increased cellular amylase activity in freshly-isolated 

pancreatic acinar cells 7-fold over feeding a HF diet. 

Although this type of study has not previously been done in 

isolated acinar cells, these results parallel the results of 

other investigators (123,124,169) who observe increases from 

3-5 fold in tissue amylase activity after feeding rats HC 

diets. Antecedent diet also affected intracellular amylase 

activity in cultured acinar cells. The difference in 

amylase activity between cells from rats fed HC and HF diets 

was maintained through 24 h in culture. After 48 h in 

culture, cells from HC-fed rats tended to have a higher 

cellular amylase activity than cells from HF-fed rats, but 

this difference was not statistically significant. These 

results demonstrate that antecedent diet affects cellular 

amylase activity in freshly isolated rat acinar cells and 

that these differences are maintained in vitro. 

Despite differences in cellular amylase activity in the 

acinar cells isolated from rats fed different antecedent 

diets, amylase activity decreased significantly with time in 

culture in both diet groups. In cells from HF-fed animals, 

amylase activity decreased by 35% within 24 h and by 93% 

within 48 h of culture. Similarly, amylase activity in 
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cells from HC-fed rats decreased by 46% within 24 h and by 

77% within 48 h. This decrease in amylase content has been 

a consistent observation in this particular acinar cell 

culture. One interpretation of this large decrease in 

amylase activity observed in cultured acinar cells is that 

it results from de-differentiation of the acinar cell in 

culture with a subsequent loss of exocrine function. An 

alternative interpretation of the decrease in amylase 

content in cultured cells, however, is that the turnover of 

this enzyme changes in culture because of changes in the 

rates of synthesis, degradation, secretion or all of these 

that result from other factors. 

A variety of evidence contradicts the interpretation 

that these acinar cells do not remain differentiated in 

culture and are not functional as pancreatic exocrine cells. 

Brannon and coworkers (ISA) demonstrate that these cells 

maintain the ultrastructural integrity of acinar cells 

through 72 h in culture, as evidenced by the presence of ZG 

and copious amounts of RER. In addition, these cells 

respond to a pancreatic secretagogue, carbamyl choline, with 

an increase in secretion of amylase by both freshly isolated 

and cultured acinar cells. Finally, the results of the 

present studies demonstrated that cultured acinar cells 

synthesized de novo amylase protein through 48 h in culture. 

Stimulated secretion and amylase synthesis are both 

characteristics of the terminally differentiated pancreatic 
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acinar cell. Thus, considerable evidence argues against the 

interpretation that the decrease in amylase during culture 

results from de-differentiation of the cell. 

The alternative interpretation suggests that culture 

conditions result in alterations of the rate of amylase 

synthesis, secretion or degradation compared to those rates 

in vivo. The relative synthesis of amylase did decrease 

with time in culture in the present studies; such a decrease 

would contribute to lower cellular content of amylase. 

Although stimulated secretion is maintained in cultured 

cells, no data are available comparing the basal or non-

stimulated secretion rate of acinar cells in vivo and in 

culture. It is possible that the basal secretion rate of 

cultured acinar cells is increased because of a disruption 

of gap junctions between these cells. Recently, Meda and 

colleagues (199) and Bruzzone and coworkers (200) 

demonstrate that, when gap junctions between pancreatic 

acini are destroyed or decreased, the resulting blockage of 

cell-to-cell communication leads to an increased basal 

release of amylase. Both studies report that uncoupling 

acinar gap junctions with an alkanol, heptanol, results in a 

corresponding increase (2-3 fold) in the unstimulated 

release of amylase, but has no effect on carbamyl choline-

stimulated amylase release. It is likely that isolation of 

dispersed acinar cells as primarily single cells destroys 

existing gap junctions, thus disrupting cell-to-cell 
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regulation. This disruption may result in increased rates 

of basal enzyme secretion. An increased rate of basal 

secretion coupled with the observed stable or decreased 

rates of amylase synthesis would result in a rapid decrease 

of amylase content, such as that observed. Amylase is 

secreted continuously by cultured acinar cells as evidenced 

by the increasing accumulation in the media (181). Further, 

this secretion is basal, because the serum-free medium 

contains no secretagogues. However, additional studies 

addressing the effects of the acinar cell isolation and 

culture on gap junctions and their functions are necessary 

to evaluate the role of gap junctions and basal secretion 

rates in the regulation of cellular amylase content. 

Finally, no data are available on the rate of degradation of 

amylase either in vivo or in cultured cells, so a role for 

degradation in the regulation of amylase content in cultured 

cells can not be proposed. Generally, degradation of 

exocrine ZG proteins is not believed to occur; however, 

amylase is the most slowly transported exocrine protein 

(201) and may therefore be exposed to reticular or Golgi 

proteases for longer than other secreted proteins. Future 

studies should determine whether amylase is degraded in 

cultured cells. 

There was no effect of diet on total cellular protein, 

even though cellular protein decreased with time in culture. 

The effect of time on cellular protein in this acinar cell 
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culture is also documented by Brannon and coworkers (181). 

While the decrease in cellular protein in this study was 

statistically significant, the difference between freshly 

isolated cells and cells cultured 48 h was not large (30%). 

As discussed above, a change in the rate of basal secretion 

even with the observed stable rates of total protein 

synthesis (193) would lead to a lower content of protein in 

the cultured cells. There was also an interactive effect of 

time and diet on cellular protein, such that cellular 

protein in cells cultured 48 h from rats fed HF diets was 

greater than that in cells cultured 24 h from HF-fed rats 

and 48 h from rats fed HC diets. This interactive effect of 

diet on cellular protein can not be readily explained. 

However, Brannon and coworkers (193) report greater total 

protein synthesis in cells from rats fed HF diets when 

compared to that in cells from rats fed HC diets. An 

increased rate of protein synthesis in HF cells could 

explain the observed interactive effect of diet and time on 

cellular protein content if secretion rates were comparable. 

In these studies, the effects of antecedent diet on 

relative rates of amylase synthesis were also examined in 

freshly isolated and cultured rat acinar cells, using an 

affinity adsorbent procedure. The characteristics of the 

affinity adsorbent for amylase demonstrated that it was 

useful for purifying pancreatic amylase from isolated and 

cultured cells because of its binding capacity and 
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specificity. The binding capacity of this affinity 

adsorbent was examined over the range of amylase activity 

applied in subsequent experiments. There was a 

significantly higher percentage of amylase bound at the 

lowest level of amylase activity applied. However, this 

difference was small (6 U) and could have been the result of 

the error that was inherent in measuring such low levels of 

amylase activity. In addition, these experiments required 

measuring amylase activity in the presence of 0.1% glycogen 

in the elution buffer. Glycogen (at 0,1, 1.0 and 5.0%) 

interfered with the amylase assay by competing with the 

blue-starch substrate in the assay (data not shown). Thus, 

the presence of 0.1% glycogen may have introduced another 

source of error that was magnified at the lower 

concentrations of amylase activity, even though this 

glycogen concentration was controlled for by adding glycogen 

at similar concentrations to the amylase assay standard 

curve. This affinity adsorbent was also specific for 

amylase as validated by SDS-PAGE. The major peak of 

radioactive bound and dissociated protein comigrated with a 

purified sample of amylase. There was, however, a small 

peak of radioactivity (Rf=0.54) that migrated at a faster 

rate than amylase. This component was of a smaller apparent 

molecular weight than amylase. It was possible that this 

was either a degraded product of amylase or a small amount 

of contaminating protein that could not be completely 
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removed from the purified amylase sample. Whatever the 

nature of this species, it comprised a small proportion 

(<10%) of the total radioactivity recovered. Based on its 

reproducible binding capacity and consistent specificity, 

this affinity adsorbent was appropriate for purifying 

amylase and was used in subsequent experiments examining the 

effects of antecedent diet on cultured acinar cells. 

A time-course study of the incorporation of [3H]-phe 

into amylase protein and TCA-precipitable (total) protein 

was done, in order to establish a period of linear 

incorporation into protein. When synthetic rates of a 

protein are measured by pulse-labelling as they were in 

these studies, the results can be confounded by simultaneous 

degradation of the protein. Under these conditions it would 

be difficult to measure the incorporation rate of 

radioactive label into de novo protein because degradation 

may substantially affect the observed radioactivity in the 

protein. In these experiments it was important to establish 

a labelling time that was short relative to the half-life of 

the protein. In the case of acinar cell amylase synthesis, 

it was also important to have a labelling period that was 

short enough to avoid the effects of secretion on cellular 

amylase activity. Thus, a pulse-label period of linear 

incorporation is a time period in which amylase and total 

protein incorporation are increasing at linear rates, 

implying that the effects of protein degradation and 
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secretion are small relative to the appearance of newly 

labelled protein (202). In these experiments incorporation 

of [3H]-phe into amylase and total protein was linear for 

240 min. From these results, a 180 min incorporation period 

was then used to examine amylase relative synthesis in 

subsequent experiments. 

The absolute incorporation of [3H]-phe into amylase and 

total protein in cells from CU-fed rats decreased with time 

in culture, while the relative rate of amylase synthesis 

did not change through 24 h in culture. This observed 

decrease in absolute [3H]-phe incorporation may have been 

the result of a decrease in the specific activity of the 

total intracellular phe pool, rather than the result of a 

decreased protein synthetic rate. Brannon and coworkers 

(193) report a 70% decrease in the specific activity of 

intracellular phe in cells cultured 48 h. Brannon and Scott 

(203) also report a decrease in intracellular phe specific 

activity - a 50% decrease in cells cultured 24 h. In both 

of these reports and in the current study cells were 

isolated from rats fed CU diets. However, it is difficult 

to compare the changes in specific activity (SA) in the two 

studies by Brannon because the cells were cultured for 

different lengths of time (48 h vs. 24 h) and from different 

sub-strains of male Sprague-Dawley rats (one from University 

of Arizona Department of Animal Resources and the other from 

Harlan, Indianapolis, IN). Despite differences in the 
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magnitude of change in the SA of phe in these two studies, 

both report decreases in the SA of phe with time in culture. 

Specific activity of total intracellular phe was not 

determined in the present studies; however, the cell culture 

system used in the present studies is identical to that used 

by Brannon and coworkers (193,203). Further, the sub

strain of rats used in the present studies is the same as 

that used in the study by Brannon and Scott (203). 

Therefore, the observed decrease of the absolute 

incorporation of [3H]-phe into amylase and total protein in 

the present study was similar to those previously reported 

and most likely resulted from a decrease in the SA of 

intracellular phe during culture in acinar cells. 

Why the SA of intracellular phe changes in cultured 

cells is not known. The SA of this precursor pool 

represents the integration of several dynamic processes 

including amino acid uptake, amino-acylation of tRNA 

molecules, and turnover of amino-acylated tRNA molecules. 

Any one or all of these rates could change in cultured 

acinar cells resulting in the reported decrease in SA. 

Antecedent diet affected amylase relative synthesis 

in both freshly isolated and cultured acinar cells. Amylase 

relative synthesis was significantly higher in cells 

isolated from HC-fed rats than in cells from HF-fed rats, 

and these differences were maintained throughout the 48 h 

culture period. In fact, the ratio of HC/HF amylase 
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relative synthesis did not change over the culture period. 

Similarly to the effects of antecedent diet on cellular 

amylase activity, these results again demonstrate that 

antecedent diet regulates an adaptive response in the rat 

pancreas that is maintained in vitro. There is evidence to 

suggest that this adaptive response in vivo is mediated 

through changes in the mRNA coding for amylase. Wicker and 

coworkers (99) and Giorgi and coworkers (175) report 

increases in amylase mRNA in rat pancreatic tissue response 

to HC diets. Both conclude from their results that dietary 

adaptation of amylase occurs at the pre-translational level; 

however, whether this regulation occurs at the level of RNA 

synthesis or RNA stability is unknown. To determine if pre-

translational regulation is responsible for dietary 

adaptation of amylase in these isolated and cultured acinar 

cells, amylase mRNA levels need to be measured in cells from 

rats fed various antecedent diets. This regulation could be 

characterized further by using the nuclear transcript run-on 

assay, which could detect changes in the transcriptional 

rates for the amylase mRNA. Such data would allow a 

determination if the effect of diet occurs at the level of 

mRNA synthesis or mRNA degradation. 

The relationship between amylase relative synthesis and 

cellular amylase activity in cultured acinar cells was best 

described by an exponential function. The cellular content 

of amylase activity is a function of amylase synthesis, 
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degradation and secretion, as described above. In this 

study, it appeared that the contribution of each of these 

functions to cellular amylase activity may vary. When 

amylase relative synthesis was high, the level of cellular 

amylase activity rose quickly. This would suggest that at 

higher rates of amylase synthesis, the acinar cell 

accumulates more amylase in the absence of secretagogue-

stimulated secretion. A possible explanation of this result 

could be that at lower rates of amylase synthesis the 

synthetic rate approximates the rate of secretion, thus 

there is little accumulation of cellular amylase. If 

secretion is relatively constant, then at higher rates of 

relative amylase synthesis amylase could rapidly accumulate 

in the cell. 
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These results demonstrated that the ar-GHI-Seph affinity 

adsorbent was appropriate for measuring amylase relative 

synthesis on the small-scale inherent in this acinar cell 

culture system. This affinity adsorbent had a consistent 

binding capacity for amylase at all levels of amylase 

measured in the experiments examining dietary adaptation of 

amylase synthesis. This adsorbent was also specific for 

amylase. An SDS-PAGE profile of the glycogen-eluted [3H]-

protein exhibited a single major peak of radioactivity that 

comigrated with purified amylase. 

Antecedent diet significantly affected amylase activity 

in freshly isolated and cultured rat acinar cells. Despite 

a decrease with time, cellular amylase activity remained 

higher in cells from HC-fed rats compared to cells from HF-

fed rats during the culture period. These differences in 

cellular amylase activity appeared to be at least partly 

determined by changes in amylase relative synthesis in 

response to antecedent diet. Rates of relative amylase 

synthesis were higher in cells from rats fed HC diets 

compared to those in cells from rats fed HF diets. 

Although relative amylase synthesis slightly decreased in 

both diet groups during 48 h in culture, the effects of 

antecedent diet were preserved throughout the entire culture 

period. These studies clearly demonstrated persistent 
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dietary adaptation of amylase in the cultured pancreatic 

acinar cell. 

Future studies should consider the mechanism of this 

adaptation. One component of this work should examine the 

level of amylase regulation - is it at the level of mRNA 

synthesis or mRNA stabilization or mRNA translation? 

Additionally, the possible effectors of this regulation at 

the level of the acinar cell need to be investigated. That 

is, are the effectors of this adaptation hormones, dietary 

metabolites or a combination of both? The culture system 

used herein would be a useful system in which to pursue 

these investigations because these cells maintain the 

synthesis of amylase in culture and demonstrate its dietary 

adaptation. 
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