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ABSTRACf 

The activity, synthetic rate and mRNA levels of pancreatic digestive enzymes 

adapt to changes in their respective dietary substrates. Previous studies in vivo implicate 

ketones and secretin in lipase adaptation and cholecystokinin (caerulein) in protease 

and, possibly, amylase adaptation. These studies were undertaken to determine the 

direct role(s) in vitro of these nutrient and hormonal factors on digestive enzymes in 

cultured rat pancreatic acinar cells. Ketones, intermediates of triglyceride metabolism, 

did not affect lipase activity in cells isolated from rats fed commercial non-purified diet, 

whether cultured in media containing high or low concentrations of glucose, a 

competitive energy substrate. Beta(OH)-butyrate also had no affect on lipase activity in 

cells from high-fat fed rats in which lipase was already elevated, but did increase lipase 

activity dose-dependently in cells isolated from rats fed a purified low-fat diet. 

Importantly, lipase levels were higher in cells from rats fed high fat diet, compared to 

those of low-fat fed rats, demonstrating that dietary adaptation persisted in culture. The 

role of ketones on lipase regulation appeared to be more complex than originally 

proposed, and they may not be the sole mediator. Direct effects of secretin and 

caerulein on the activity, secretion and relative synthesis of lipase were studied. Secretin 

significantly increased media lipase activity biphasically after 12 h, but had no effect on 

cellular lipase activity. After 24 h, secretin had no effect on lipase activity or relative 

synthesis of pancreatic enzymes (amylase, lipase, chymonypsin, nypsin, elastase). In 
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cultured cells, enzyme activities decreased over time, while media activities increased. 

Amylase relative synthesis decreased over time, while that of the proteases increased. 

Caerulein further decreased cellular content of all enzymes and increased media amylase 

and lipase activities. Caerulein, however, increased the relative synthesis of trypsin 

(p<O.05) and chymotrypsin (p<O.06), supporting its proposed role in protease, but not 

amylase, adaptation. These studies did not, however, support definitive roles of ketones 

or secretin in lipase regulation; perhaps they have interactive effects, or act in 

conjunction with other potential regulators, in the dietary adaptation of lipase. 
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CHAPTER 1 

INTRODUCTION 

The exocrine pancreas plays a key role in the digestion of foodstuffs in the 

gastrointestinal tract, a process which necessarily precedes absorption and utilization of 

nutrients in the body. One of the major exocrine pancreatic functions is to synthesize 

and secrete a number of enzymes that aid digestion. The acinar cells of the exocrine 

pancreas have the ability to adapt the production and secretion of these digestive 

enzymes to acconunodate their dietary substrates. That is, consumption of a diet high in 

protein, fat or carbohydrate increases proteases, lipase and amylase, respectively. These 

dietary adaptations are the result of alterations in enzyme content, synthesis and mRNA 

levels. Although the exact cellular mediators are not defined, various hormones and 

nutrients have been implicated in pancreatic adaptation to diet. 

One gastrointestinal hormone, cholecystokinin (CCK), is proposed to mediate the 

dietary adaptation of the proteases, via feedback regulation of its release from the small 

intestine. In vivo infusion of CCK or its analogue caerulein increases pancreatic protease 

content, synthesis and, in some cases, mRNA levels. However, these studies have been 

done, predominantly, in vivo. Therefore, it is difficult to determine if the effects are 

caused directly by CCK or by its potential interactions with other hormones or 

regulators. 
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CCK has also been proposed to regulate pancreatic adaptation of amylase to 

dietary carbohydrate because its infusion causes a small decrease in the synthesis of this 

enzyme. However, there are no effects of CCK infusion on amylase mRNA levels. 

Therefore, it may be that CCK is involved in translational regulation or may interact with 

other potential regulators circulating in the bloodstream, such as insulin or glucose. 

There is a preponderance of evidence suggesting that adaptation of amylase to dietary 

carbohydrate is mediated through changes jn plasma glucose and insulin levels, so that 

the role of CCK in this adaptation is controversial. 

Another gastrointestinal hormone, secretin, is proposed to regulate the adaptation 

of pancreatic lipase to dietary fat because its infusion into rats increases the relative 

synthesis of lipase. However, secretin does not alter mRNA levels; whereas, dietary fat 

increases lipase content, synthesis and mRNA levels. Therefore, secretin may either be 

involved in translational control of lipase or interact with other hormones or metabolites, 

such as ketones, in the regulation of lipase. 

Blood ketones, intermediates in triglyceride metabolism, are positively correlated 

with high-fat diets, as is pancreatic lipase activity. Furthermore, continuous infusion of 

p(OH)-butyrate into rats increases lipase activity. The direct effects of secretin or 

ketones, however, are difficult to elucidate from in vivo studies because of potential 

homeostatic responses, and have not been examined under controlled in vitro conditions. 

Thus, the roles of these two potential mediators of pancreatic adaptation to dietary fat 

remain unclear. 

The studies presented herein examined the direct effects of ketones, secretin and 

caerulein and the interactive effects of secretin and caerulein on pancreatic digestive 
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enzyme content, secretion and synthesis, using an in vitro system of primary acinar cells. 

These cells are maintained in a serum-free, hormonally defined medium and are viable 

for four to five days. They retain differentiated function as evidenced by the presence of 

zymogen granules and abundant rough endoplasmic reticulum, hormonal responsiveness 

to insulin and epidermal growth factor, ability to secrete amylase in response to 

secretagogues, and the ability to synthesize amylase de novo for four days in culture. 

Such studies allow the evaluation of the direct action of these proposed mediators of 

pancreatic dietary adaptation (ketones, secretin, cholecystokinin) on acinar cell content, 

secretion and synthesis. Eliminated is the possibility of interaction with other potential 

regulators which exists in vivo. 
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CHAPTER 2 

LITERATURE REVIEW 

Digestion and Absorption 

Most foodstuffs ingested by humans, and other mammals, are in forms that are 

not readily available to satisfy nutrient needs. They cannot be absorbed from the 

gastrointestinal tract until they have been broken down mechanically and chemically into 

smaller molecules. This disintegration of naturally occurring foodstuffs into assimilable 

forms constitutes the process of digestion (1,2). 

Salts, crystalloids in general and water can be absorbed unchanged. However, 

starches, proteins and fat must be hydrolyzed to monosaccharides, amino acids, and 

monoacylglycerols, glycerol and fatty acids before they can be absorbed and utilized by 

the body. In the course of these digestive reactions, the vitamins and minerals contained 

in the foodstuffs also become more assimilable. 

Digestion begins in the oral cavity, continues in the stomach, and is completed in 

the intestine in the presence of pancreatic and biliary secretions. Resulting nutrients are 

then ready for absorption from the small intestine into the body's circulatory system. 

~~~~~ ~-------



20 

The Oral Cavity 

The oral cavity contains the first fluid with which ingested food comes into 

contact - the saliva, or the secretion discharged from various glands including the 

parotid, mandibular and sublingual glands (2). Saliva consists of approximately 99.5% 

water with a pH of about 6.8, and its most important functions are the moistening of the 

oral mucosa and the ingested food which aids in its mechanical breakdown 

(mastication), lubrication for swallowing and gennicidal protection (3). 

Saliva also contains enzymes such as salivary amylase (ptyalin), ribonuclease and 

lingual lipase, which begin the hydrolytic degradation of food particles (4). The role of 

salivary amylase, as well as ribonuclease, is limited in the oral cavity. Although salivary 

amylase is capable of hydrolyzing starch and glycogen to maltose, this is ultimately of 

little significance in the body because of the short time it is actually in contact with food 

in the oral cavity. Also, its digestive action ceases once swallowed into the stomach's 

acidic environment because salivary amylase is readily inactivated at pH 4.0 and below. 

Pancreatic amylase, which has the same action and specificity as salivary amylase, 

completes starch digestion in the small intestine. In many animals, a salivary amylase is 

entirely absent (4). 

The role of lingual lipase is not as limited as that of salivary amylase in the 

digestion of foodstuffs. Lingual lipase is secreted from serous glands (von Ebner's 

glands) on the dorsal portion of the tongue (5) and is distinctly different from pancreatic 

lipase (6). It is active in a broad pH range (2-8) and, therefore, continues to hydrolyze 

triglyceride in the acidic gastric environment (7). This enzyme preferentially hydrolyzes 

medium-chain triglycerides at rates five- to eight-fold faster than long-chain triglycerides 

-----~-- ~ ~ ~--- ~--~- - -
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and does not have position specificity, as does pancreatic lipase (8). Linguallipase 

activity is inhibited in the presence of bile salt micelles in the small intestine, and this 

inhibition is not prevented by colipase (7), as is the case with pancreatic lipase. 

Therefore, lingual lipase is ineffective in the later intestinal stage of adult digestion, but 

does play an important role in the neonatal period when pancreatic function is 

immature. It is responsible for 30-50% of lipid digestion in newborns (9,10). 

After foodstuffs are sufficiently broken down mechanically and carbohydrates and 

lipids are partially hydrolyzed in the oral cavity, ingested materials proceed, via the 

esophagus, to the stomach. Here, protein digestion begins, lipid digestion continues, and 

a limited amount of absorption occurs. 

The Stomach 

The stomach is an enlarged, yet collapsible, segment of the digestive tract 

between the esophagus and small intestine that serves to store, as well as process, food 

for absorption by the intestine (11). Although absorption is not a major function of the 

stomach, some substances are absorbed in limited quantities into the bloodstream, such 

as ethanol and short- and medium-chain triglycerides (12). 

Much of the luminal surface of the stomach is lined with stratified squamous, 

nonglandular epithelia, which do not have significant secretory activity (11). This 

gastric mucosa has, embedded within it, three distinct types of gastric exocrine glands: 

the cardiac, pyloric, and oxyntic glands. Both the cardiac and pyloric glands, near the 

esophageal orifice and duodenum, respectively, produce a secretion rich in mucus which 

forms a protective, lubricative layer around the stomach. The third and most distinctive 
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of these glands, the oxyntic, occupies most of the fundus and corpus of the stomach (13) 

and contains numerous oxyntic or parietal cells, which are the site of gastric 

hydrochloric acid (HC!) secretion (14). A second cell type also characteristic of this 

gland is the chief cell, which synthesizes and secretes gastric pepsinogen (11). The 

mixed secretion of these two cell types, known as gastric juice, is nonnally a clear, pale 

yellow fluid containing 0.2-0.5% HC! and 97-99% water, with a pH of about 1-2. The 

juice also contains variable amounts of mucin, inorganic salts and pepsinogen (2). 

The release of gastric juice in the stomach is caused by circulating levels of the 

gastrointestinal peptide gastrin (15). Gastrin originates in the gastric antrum and is 

stimulated by the presence of pep tides, amino acids and calcium in the gastric lumen 

through the activation of neural reflexes, by circulating catecholamines and by another 

gastrointestinal peptide, bombesin (16). Once food, particularly protein, enters the 

stomach and gastric juices are released, protein digestion begins. 

As a result of contact with HCI, proteins are denatured - their tertiary structure is 

lost via destruction of hydrogen bonds (2). The polypeptide chain unfolds, making it 

more accessible to the actions of proteolytic enzymes. Pepsinogen is activated at the 

same time that dietary proteins are denatured, also by the action of HCI, which splits off 

a polypeptide to fonn the smaller, active endopeptidase, pepsin. Pepsin, in tum, 

autocatalyzes other pepsinogen molecules to their active fonn and subsequently 

hydrolyzes peptide bonds within the main polypeptide structure of dietary proteins, 

rather than those adjacent to the N- or C-terrninal residues (17). Thus, dietary proteins 

are digested into pep tides and amino acids in the stomach. 
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Lipid digestion in the stomach occurs to a lesser extent than that of protein. It is 

continued by lingual lipase and aided, in part, by gastric lipase, which is released by the 

gastric mucosa and preferentially hydrolyzes short-chain triglycerides (10). 

Carbohydrates, in contrast, are not digested to any appreciable extent; but all food in the 

stomach, in general, is converted to a semiliquid mass (chyme) by the actions of HCI, 

pepsin and churning motions of the stomach. The stomach subsequently empties its 

contents gradually through the pyloric sphincter, via peristaltic contractions, into the 

small intestine where digestion is completed. Pepsin, which is active only in the acidic 

gastric environment, is inactivated in the alkaline medium of the intestine (17). Protein 

digestion, as well as that of lipid and carbohydrate, is continued in the small intestine by 

pancreatic and intestinal enzymes. 

The Intestine 

In the small intestine, the breakdown of food begun in the mouth and stomach is 

completed. The resulting nutrient molecules are then absorbed from the digestive tract 

into the circulatory system of the body, from which they are delivered to individual cells 

where needed. 

Anatomically, the small intestine is characterized by circular folds in the 

submucosa; numerous microscopic fingerlike projections, villi, on the mucosa; and tiny 

cytoplasmic projections, microvilli, on the surface of individual epithelial cells (17). All 

of these features lend to the large surface capacity of the small intestine (300 square 

meters), which is, on average, six meters long. The upper 25 centimeters, known as the 

------ -- ------ -. __ .-
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duodenum, is the most active in the digestive process; the remaining portions, ileum and 

jejunum, are largely concerned with absorption of nutrients (17). 

As the acidic chyme of the stomach is introduced into the duodenum, responses 

are elicited not only from the intestine, but also from the pancreas and gall bladder. The 

secretions from all of these organs are involved in intestinal digestion. Also, each of the 

different components of chyme (acid; amino acids, peptides and proteins; fatty acids, 

monoglycerides and fats; and glucose, maltose and starch) elicits a unique and specific 

response from these organs (2,18). 

The presence of gastric acid in the duodenum stimulates the release of secretin, a 

gastrointestinal hormone. Although secretin is produced in the duodenum itself, its 

major role is stimulation of the pancreas to secrete large volumes of pancreatic juice rich 

in bicarbonate, which is necessary for neutralizing acidic chyme (19). The resulting shift 

in pH is needed for optimum activity of the enzymes involved in intestinal digestion 

(18). Biliary secretions from the gallbladder are also provoked by secretin, as well as 

intraduodenal acidity, and their alkaline nature aids in this neutralization (20). 

Although there is general agreement that acidification of the duodenum causes release of 

secretin sufficient to explain stimulation of pancreatic bicarbonate secretion, 

controversies exist as to whether factors other than acid, such as dietary fat, stimulate 

secretin release (19). Fat added to a protein meal does not cause a significant increase 

in secretin, nor does the protein meal itself (21). However, intraduodenal infusion of a 

10% (22) or 20% (23) fat solution causes a significant increase in plasma secretin levels. 

Duodenal infusion of oleic acid (22,24) also increases plasma secretin levels sufficient to 

account for parallel increases in pancreatic bicarbonate secretion. 

----- ---
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Although the primary biological action of secretin is to stimulate pancreatic 

secretion of bicarbonate-rich fluid, it is also a weak stimulant ~f pancreatic enzyme 

secretion (19). Secretin may, in fact, playa specific role in the secretion of the digestive 

enzyme pancreatic lipase, which is responsible for the degradation of triglycerides in the 

duodenum (25). Also, secretin interacts with another gastrointestinal hormone, 

cholecystokinin (CCK) to influence pancreatic secretion. A threshold or subthreshold 

dose of secretin increases the enzyme and bicarbonate responses to exogenous or 

endogenous CCK more than can be explained by simple additive effects of the two 

stimulants (26). 

Cholecystokinin is also released from the duodenum, but in response to 

intraduodenal peptides and amino acids, as well as fat (27). CCK then causes gall 

bladder contraction and further stimulates the release of bile provoked by secretin (28). 

CCK is also a strong stimulant of pancreatic enzyme secretion in vivo (19), stimulating 

secretion of all pancreatic enzymes. The major digestive enzymes secreted in the rat, 

with respective molecular weight(s) and isolelectric point(s) are (29,30): amylase 

(53,000 & 55,000; 8.6 & 8.9), lipase (50,000; 6.8), elastase (26,000 & 28,500; 4.9 & 

9.2), ribonuclease (14,000; 9.2), and the proteases - trypsin (21,000 & 21,000 & 22,000; 

4.3 & 4.4 & 8.0), chymotrypsin (25,000 & 25,000; 4.8 & 9.0) and carboxypeptidase (A= 

49,000; 4.4 - B= 47,000 & 47,000 & 47,000; 4.3 & 4.5 & 4.6) (27). Cholesterol esterase 

and phospholipase A2 are also secreted in response to CCK, and as stated earlier, secretin 

potentiates this secretory effect. 

Carbohydrate. Pancreatic amylase (E.C. 3.2.1.1) has a similar action to salivary 

amylase, hydrolyzing a-1,4 bonds of starch and glycogen to maltose, maltotriose and a 

--- ---- ----------
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mixture of branched (1:6) oligosaccharides (a-limit dextrins). These dextrins are not 

digested because amylase has very little activity against a-1,4 bonds near the a-1,6 

branching point (31). The end-products of pancreatic amylase are potential inhibitors of 

the enzyme, but they are rapidly hydrolyzed by intestinal brush border enzymes and the 

products removed from the intestinal lumen (31). These brush border carbohydrases 

(with their rfc;pective substrates) include: lactase (lactose); sucrase (sucrose, a-dextrins 

with 1,4 end links); isomaltase (a-dextrins of three or four glucose molecules with 1,6 

links); a-limit dextrinase (a-dextrins of five or six glucose molecules with 1,6 links); 

glucoamylase sucrase (glucosyloligosaccharides); and trehalase (trehalose). The 

monosaccharides that result from this extensive digestive process (glucose, galactose and 

fructose) are all absorbed from the intestinal lumen at rates that exceed those expected 

from passive diffusion into the portal blood. Saturable, and presumably carrier

mediated, active transport systems have been demonstrated for all three monosaccharides 

(32). 

Lipid. Pancreatic lipase (E.C. 3.1.1.3), with a pH optimum of 6 to 8, acts at the 

oil-water interface of the finely emulsified lipid droplets formed by mechanical agitation 

in the gut (33). It hydrolyses triglyceride at the 1 and 3 positions, and yields fatty acids 

and 2-monoglycerides (34). The emulsification of fats in the intestine is aided by bile 

salt micelles, which are present in biliary secretions. However, these micelles occupy the 

oil-water interface, thus, displacing lipase from the surface of the emulsions and reduce 

its lipolytic activity (35). This inhibitory effect of bile salt micelles is, however, reversed 

by colipase, a protein cofactor present in pancreatic secretions (36). Colipase is secreted 

as procolipase (102-107 amino acids), which is proteolytically cleaved to its active form 
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(96 amino acids with MW=10,000; 37). Colipase binds to lipase in a 1:1 ratio, and also 

has binding sites for bile salt micelles (35,38). It acts as an anchor that displaces 

micelles from the interface and brings lipase closer to its site of action, allowing 

complete hydrolysis of triglycerides (39). 

The 2-monoacylglycerols and fatty acids produced from this hydrolysis leave the 

oil phase of the lipid emulsion and diffuse into mixed micelles consisting of bile salts, 

lecithin and cholesterol (40). The micelles transport the products of digestion across the 

unstirred water layer between the aqueous environment of the intestinal lumen to the 

brush border of the mucosal cells where they are absorbed into the intestinal epithelium. 

The bile salts pass on to the ileum, where most are absorbed into the enterohepatic 

circulation. 

Phospholipids of dietary or biliary origin (i.e. lecithin) are hydrolyzed by 

pancreatic phospholipase ~ to fatty acids (predominantly from the two position) and 

lysophospholipids (I-acyl glycerophosphatides), which are also absorbed from the 

micelles. Cholesteryl esters are hydrolyzed by pancreatic cholesterol esterase and the 

free cholesterol, together with most of the biliary cholesterol, is absorbed through the 

brush border after transportation in the micelles (40). 

Within the intestinal wall, 2-monoacylglycerols are further hydrolyzed to produce 

free glycerol and fatty acids by a lipase, which is distinct from pancreatic lipase. These 

products are then utilized to resynthesize triacylglycerols in the intestinal mucosa. The 

absorbed lysophospholipids, together with much of the absorbed cholesterol, are also 

reacylated to regenerate phospholipid and cholesteryl esters. The triacylglycerols, 

phospholipids and cholesteryl esters produced are incorporated into lipid-protein 
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complexes, known as chylomicrons, that are secreted into the lymph and then enter the 

bloodstream. 

Protein. Pancreatic proteases digest proteins and peptides in the intestine to 

small peptides (two to six amino acids) and single amino acids (41). Unlike pancreatic 

amylase and lipase, these proteases [trypsin (E.C. 3.4.4.4), chymotrypsin (E.C. 3.4.4.5), 

elastase and carboxypeptidase] are not secreted by the pancreas in their active form, but 

rather as pro enzymes (trypsinogen, chymotrypsinogen, pro elastase and 

procarboxypeptidase, respectively) which must be activated by proteolytic cleavage. 

Enterokinase, a brush border enzyme, which is stimulated by trypsinogen itself and 

released from the membrane by the action of bile acids, selectively cleaves a hexapeptide 

from the amino terminus of trypsinogen to produce trypsin (42). Trypsin then activates 

the other pancreatic proproteases and autocatalytic ally releases more trypsin from 

trypsinogen (31). The result is a mixture of endopeptidases (trypsin, chymotrypsin and 

elastase) and exopeptidases (carboxypeptidase A and B). The endopeptidases hydrolyze 

protein and peptones to polypeptides. Trypsin specifically cleaves peptide bonds 

between basic amino acids, whereas chymotrypsin is specific for pep tides containing 

uncharged amino acid residues such as aromatic amino acids (2,33). The exopeptidases, 

carboxypeptidase A and B, further hydrolyze polypeptides at their carboxyl terminal 

peptide bonds, liberating single amino acids (2,33). 

The final stages of protein digestion are carried out by a wide array of brush 

border and cytoplasmic peptidases in the intestinal enterocytes. Pep tides larger than 

three amino acids are hydrolyzed extracellularly by brush border enzymes (43), while 

tripeptides are hydrolyzed by both brush border and cytoplasmic amino peptidases. Most 



of these enzymes cleave one amino acid at a time from the N-tenninus (31. Mer 

luminal and brush border protein hydrolysis, the products are transported across the 

intestinal wall, amino acids are degraded, metabolized to other amino acids, 

incorporated into proteins, or released unaltered into portal blood (31). 
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Intestinal digestion, and subsequent absorption, would be impossible without the 

enzymes secreted from the exocrine pancreas. The work of Pavlov in 1902 (44) revealed 

that the content of these enzymes in secreted pancreatic juice adapts to changes in 

dietary constituents. For example, consumption of a diet high in protein results in an 

increase in the protease content of pancreatic juice. The exact mechanisms of these 

dietary adaptations are currently unknown, but the proposed dietary and hormonal 

regulatory factors will be reviewed following a more in-depth introduction to the 

pancreas. 

Pancreas 

The pancreas is a retroperitoneal organ that appears distinctly lobulated (45). It 

has a mass of 85 ± 15 g in the human female and 90 ± 16 g in the male. The adult 

pancreas is 14-18 cm long, 2-9 cm wide and 2-3 cm thick, and is divided into four 

regions: head, neck, body and tail (45,46). It has a rubbery consistency and contains 

71% water, 13% protein and 3-20% fat (47). 

Functionally, the pancreas is a mixed exocrine-endocrine gland, with the exocrine 

portion comprising 84% of its total volume. Ductular cells and blood vessels constitute 

4%, while endocrine cells occupy only 2% of total volume. The remaining 10% is made 

up of extracellular matrix (46). 
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The endocrine pancreatic cells, or the islets of Langerhans, are responsible for the 

synthesis and secretion of various peptide honnones including insulin and glucagon and, 

therefore, play an integral part in carbohydrate metabolism and blood glucose regulation 

(48). These islets are unevenly distributed among the exocrine pancreatic cells which 

secrete both bicarbonate-rich fluid (ductal cells) and digestive enzymes (acinar cells) 

through the pancreatic duct into the intestinal lumen where needed for intestinal 

digestion (48). The relationship and interactions among these cell types are complex. 

Therefore, the morphology and function of the endocrine and exocrine portions of the 

pancreas will be reviewed independently. Their functional inter-relationship will be 

considered in subsequent sections that discuss pancreatic regulatory factors. 

Endocrine 

The endocrine pancreas constitutes a small but important cell population of the 

pancreas. It is comprised of islets of Langerhans, varying in size from 100 to 200 p., that 

are surrounded by a connective tissue capsule that serves to isolate them from 

surrounding exocrine tissue (49). There are approximately one to two million islets in 

the adult human pancreas, and each islet contains one to two thousand cells. 

The IJ cell is the most abundant endocrine cell type in the islets of Langerhans 

(65%), and is responsible for the production and secretion of insulin. The islets also 

contain smaller numbers of glucagon-producing a cells (15%), pancreatic polypeptide 

(PP)-producing cells (10%), and somatostatin-producing 0 cells (5%; 49). The IJ cells 

are usually clustered together in the central part of the islets with a, PP and D cells 

more toward the periphery. In most mammals, PP-producing cells are more abundant in 



the head, or duodenal portion, of the pancreas, whereas a cells are more prevalent in 

the tail, or splenic, region (50). 
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Insulin. Insulin is an important anabolic hormone that acts on a variety of 

tissues including liver, fat and muscle (51). It is synthesized in the {1 cells initially as a 

single polypeptide chain, known as proinsulin that is converted to insulin by removal of 

a linking polypeptide of 33 amino acids. The resulting active molecule consists of two 

peptide chains (A and B) connected by disulfide bridges, with an approximate molecular 

weight of 5734 (52). 

The secretion of insulin from the {1 cells is stimulated mainly by high levels of 

plasma glucose, although glyceraldehyde, glutamine and leucine also act as 

secretagogues (53). In addition to increasing {1-cell exocytosis, and therefore insulin 

release, glucose exerts important intracellular effects that influence the production of 

insulin (54). These effects likely represent manifestations of the enhanced metabolism 

of glucose in the (1 cell and perhaps may also reflect glucose-stimulated elevations in 

cAMP levels (55). Glucose appears to regulate insulin biosynthesis by at least three 

mechanisms (54): 1) selective increase in the rate of transcription of the insulin gene; 

2) selective stabilization of preformed insulin mRNA; and 3) rapid and select stimulation 

of the rate of insulin mRNA translation. The first two mechanisms probably account for 

a 5-10 fold increase in total insulin rnRNA levels and would occur over a period of 

several hours to several days. In contrast, glucose stimulation of insulin mRNA 

translation leads to a virtually instantaneous 10-20 fold increase in insulin biosynthesis 

(54). The underlying mechanisms of these various effects are complex and not well 

understood. 
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The primary role of insulin, produced and secreted in response to glucose, is to 

regulate blood glucose metabolism. When blood glucose levels are elevated, insulin acts 

to facilitate glucose transport from the bloodstream into muscle and adipose tissue (50). 

Insulin also acts directly on these cells, and hepatocytes, to stimulate glucose utilization 

and decrease protein and lipid catabolism by modifying the activity of a variety of 

enzymes (56). 

The actions of insulin at the cellular level are initiated by insulin binding to its 

plasma receptor (57). This receptor is present on virtually all mammalian tissues, 

although the concentration varies from 40 receptors on erythrocytes to more than 

200,000 receptors on adipocytes and hepatocytes (56). Insulin binding to its receptor 

produces a transmembrane signal that alters intracellular metabolism and mediates the 

action of the hormone (56). 

Insulin enhances glucose utilization by positively regulating enzymes involved in 

glycolysis, such as glucokinase, pyruvate kinase and glyceraldehyde-3-phosphate

dehydrogenase (58). At the same time, insulin decreases glucose production by 

negatively regulating phospho enol-pyruvate carboxykinase, which is involved in 

gluconeogenesis (57). These effects of insulin on the various enzymes aforementioned 

are transcriptional (58). Furthermore, because sequence-specific binding to DNA by 

insulin or the insulin receptor has not been found, it is likely that insulin is exerting its 

affects via other nuclear proteins (58). 

Besides its affects on glucose utilization, insulin also decreases protein catabolism 

and urea production in liver cells. Also, in adipocytes, insulin increases lipid synthesis 

and decreases lipolysis by supressing the increase in cAMP caused by either epinephrine 

------------ -- --- - ---------- -- -



or glucagon (59). Overall, insulin is considered an anabolic hormone because it 

promotes the uptake and storeage of nutrients and, at the same time, inhibits the 

utilization of existing energy stores. 
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Insulin-Acinar Interactions. The islets of Langerhans are dispersed throughout 

the pancreatic exocrine tissue, which allows hormones secreted by endocrine cells (i.e. 

insulin) to interact with exocrine acinar cells (48). In support of a direct effect of 

insulin on the exocrine pancreas, several studies have identified and characterized 

saturable insulin receptors on pancreatic acinar cells (60,61). Binding data indicate that 

these receptors have a high affinity for insulin and there are about 10,000 per acinar cell 

(62,63). This ability of insulin, produced in the endocrine pancreas, to act on acinar 

cells of the exocrine pancreas has been described as a paracrine effect. Simply, a 

paracrine messenger (insulin) is released by an effector (p cell) and traverses the 

interstitial space between it and adajcent target cells (acinar cells) to influence their 

action (64). 

There is histological evidence for a regulatory role of islet-cell hormones on 

pancreatic acinar cells, based on the existence of a capillary portal circulation within the 

exocrine pancreas (65). The majority of the arterial blood flow (75%) goes directly to 

the exocrine pancreas, while 25% flows to the islets. Venous blood carrying hormones 

from the islets then enters the capillaries surrounding the acinar cells enroute to the 

heart. The result is considerably higher concentrations of islet hormones interacting 

with acinar cells than those found in the peripheral circulation (69). The high hormone 

concentrations may exert trophic effects on the acinar cells, which would explain why 

those adjacent to islets are larger, have larger nuclei and nucleoli, and contain more 



zymogen granules (48,67). These, so called, periinsular acini are distinguished by 

histochemical staining for digestive enzymes, appearing as dark rings or "haloes" 

surrounding the paler islet cells (67). 
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The presence of these haloes have been associated with locally high insulin 

levels. They tend to be more prominent in obese hyperinsulinemic mice and disappear 

after treatment with alloxan, a {3 cell toxin (67). Also, in ducks, where a and {3 cells are 

topographically separated, the nuclei of acinar cells around the {3 cells appear to be 

larger (68). However, Landing (69) found the same proportion of periinsular haloes in 

the pancreata of normal and diabetic children, and Malaisse-Lagae et al. (70) noted that 

haloes were unusually prominent in pancreata from rats made diabetic with 

streptozotocin. Therefore, the haloes could result from effects of other islet cell 

hormones, as well. 

Malaisse-Lagae and coworkers (70) also noted that, besides morphological 

distinctions, there are also differences in the relative concentrations of pancreatic 

digestive enzymes in the periinsular , or haloed cells, compared to acinar cells further 

from the islets, or teleinsular cells. Amylase and chymotrypsin concentrations are 

markedly reduced in the periinsulinar cells of normal rats. These differences could be 

due, in part, to the actions of insulin or other islet cell hormones. 

Studies examining the effects of insulin on pancreatic acinar cells have been 

performed in vivo and in vitro and reveal specific effects on digestive enzymes. Kern and 

Adler (71) found that the infusion of glucose for three days leads to elevated plasma 

insulin and glucose levels, and increases pancreatic amylase content by 25%, decreases 

the content of chymotrypsin and trypsin, and increases protein synthesis by pancreatic 
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lobules by 40%. Although this in vivo study, and others, suggest a role for insulin in 

acinar cell regulation, infusion studies do not eliminate the possibility of potentiating 

effects of insulin on other honnones or regulators that may, instead, cause these 

changes. Therefore, the effects of insulin were examined in vitro. Insulin treatment of 

isolated pancreatic acini was found to increase glucose uptake (60). In the AR42J 

pancreatic acini carcinoma cell line, insulin increases cell growth and amylase synthesis 

(72). Finally, in acini from diabetic rats, insulin increases the synthesis of amylase, 

lipase and chymotrypsin in parallel with total protein synthesis (73). These effects of 

insulin on digestive enzymes, therefore, differ from previously mentioned longer-tenn in 

vivo effects of insulin to regulate differentially the synthesis of amylase and other 

enzymes. Perhaps the longer-tenn effect of insulin is transcriptional and the shorter

tenn effect is translational. Or perhaps insulin is acting with other regulators, such as 

glucose, to exert its effects. In any case, it is clear that insulin is acting directly on 

acinar cells to regulate digestive enzymes and its role in the regulation of pancreatic 

amylase, specifically, will be discussed later. 

Glucagon. Glucagon, conversely to insulin, is a catabolic honnone responsible 

for the mobilization of energy substrates from storage depots. It is synthesized in the 

pancreatic ex cells, originally as a 160-residue proglucagon molecule (74), but its active 

fonn is a single polypeptide chain of 29 amino acids with a molecular weight of 3485 

(75). 

In contrast to insulin, glucagon secretion is increased in response to low blood 

glucose levels, whether induced by starvation or insulin. Also, glucagon release is 

directly inhibited by glucose in vitro (76). The liver appears to be the major target site 
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for glucagon; within minutes of its presence, liver cAMP levels are increased. Cyclic 

AMP, in tum, activates a protein kinase cascade, resulting in rapid glycogenolysis and 

hepatic output of glucose. At the same time, glycogen synthesis is suppressed. There is 

also enhanced gluconeogenesis that may be mediated by cAMP activation of hepatic and 

adipose tissue lipases, which produce fatty acid activation of the gluconeogenesis 

process. Ketogenesis and lipolysis are also increased in response to glucagon secretion. 

In general, glucagon causes catabolism of glycogen and stored lipids in order to 

replenish circulating levels of energy nutrients (59). 

Somatostatin. Somatostatin, another peptide hormone produced by the 

endocrine pancreas (D cells), has negative effects on both insulin and glucagon release. 

Like the other endocrine pancreatic hormones, it is produced as a prohormone consisting 

of 28 amino acid residues, but exists as a tetradecapeptide in its most active fonn (77). 

Although somatostatin was originally located and identified by its inhibitory action on 

pituitary growth honnone release, it has a wide range of gastrointestinal actions. These 

include not only inhibition of other pancreatic peptide hormones, but effects on gut 

digestion, motility and absorption (15). 

In the stomach, somatostatin inhibits basal, food-stimulated and neurally 

stimulated gastrin release. (78). It also inhibits meal-stimulated acid secretion at doses 

below those required to inhibit gastrin release (79). Although somatostatin plays a role 

in the regulation of digestion, its effects on gastric emptying are not as clearly defined. 

In some instances, somatostatin increases gastric emptying (80), whereas, in others, it 

causes a decrease (81). Somatostatin is also thought to decrease stomach, as well as 

intestinal, motility (82), possibly secondary to its inhibition of basal release of 

---- ------- ---



acetylcholine (83). Somatostatin also affects absorption in the small intestine by 

inhibiting that of amino acids (84) and increasing ileal mucosal absorption of sodium 

and chloride (85). 
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Somatostatin also affects the pancreas, not only the endocrine portion where it is 

produced, but the exocrine cells, as well. In the exocrine pancreas, somatostatin inhibits 

enzyme, but not bicarbonate, secretion. TIlls action may be secondary to diminished 

duodenal release of secretin (86) or CCK (87) in the presence of somatostatin. 

However, somatostatin receptors have been identified on the plasma membranes of 

pancreatic acinar cells (88). In the endocrine pancreas, as stated earlier, somatostatin 

decreases both insulin and glucagon associated with low blood sugar levels (89). 

Somatostatin also inhibits DNA, RNA and protein synthesis in the pancreas, in general, 

and chronic administration causes pancreatic hypoplasia (90). Concurrent 

administration of caerulein, which increases pancreatic growth, with somatostatin 

antiserum produced greater pancreatic growth than caerulein alone, supporting a role of 

somatostatin as a growth inhibitoxy factor in the pancreas (91). 

Pancreatic Polypeptide. Another endocrine pancreatic hormone exerting some 

paracrine effects on the exocrine pancreas is pancreatic polypeptide (PP). TIlls hormone 

consists of 36 amino acids; and in its preprohormone state, it is a 95-aminc acid 

molecule containing a 29-amino acid signal peptide and a carboxyl-terminal extension 

(92). As stated, it exerts biological action on the exocrine pancreas; but, unlike 

somatostatin, it affects both pancreatic protein and bicarbonate secretion - inhibiting 

both to a similar degree (93). PP also increases DNA synthesis in the rat pancreas, but 

does not alter the stimulation by CCK (94). 
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Other gastrointestinal effects of PP include increasing motility in the stomach and 

intestine, increasing gasmc emptying of a meal, and increasing the rate of intestinal 

transit (95). PP is also a veI)' weak stimulant of basal gasmc secretion in the stomach 

(95). In general, although PP has no effect of insulin or glucagon release, it seems to 

have biologic effects on the gastrointestinal tract antagonistic to those of somatostatin; 

however, both hormones tended to decrease pancreatic exocrine secretion. 

Exocrine 

Anatomy. The exocrine pancreas is proportionally much larger than the 

endocrine pancreas, occupying 84% of the total pancreatic volume, compared to only 2% 

containing endocrine cells (46). The basic subunit of the exocrine pancreas is the 

acinus, which is bound by a connective tissue matrix continuous with that surrounding 

the ductular epithelium. The acinus consists mostly of secretoI)' acinar cells with a 

smaller number of centroacinar cells marking the beginning of the ductular system of the 

gland (46). The supporting matrix, or basal lamina, of the pancreas consists of types IV 

and V collagen, laminin and heparan sulfate proteoglycan, whereas types I and III 

collagen and fibronectin occupy the adjacent extracellular spaces surrounding the ducts 

and blood vessels (96). 

Ultrastructure. The acinar cells that make up the acini constitute >80% of the 

pancreas. They are polarized and pyramidally shaped with their apices facing the lumen 

of the acini (46,97). The main subcellular organelles involved in the formation and 

storage of proteins for export are arranged in a highly polarized fashion in these 

secretoI)' cells, reflecting their functional and temporal inter-relationships (Figure 1). 
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SCHEMATIC OF A PANCREATIC ACINAR CELL 
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A typical acinar cell is shown with the nucleus (1) and rough endoplasmic 
reticulum (RER; 2) localized in the basal portion of the cell and the Golgi complex (GC; 
3), condensing vacuoles (CV; 4) and zymogen granules (ZG; 5) located in the apical 
pole of the cell. Upon appropriate stimulation, the ZGs fuse with the apical membranes, 
releasing their contents into the lumen. Schematic is taken from: Brannon, P.M. (1990) 
Copper and the exocrine pancreas: implications for lipid digestion. In: Role of Copper in 
Lipid Metabolism, (Lei, K.Y., ed.) pp.137-160. eRC Press, Boca Raton. 
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The nucleus of an acinar cell is basally located, with the paranuclear regions of the 

cytoplasm being occupied by the rough endoplasmic reticulum (RER;97). The RER is a 

highly convoluted membrane system studded on its cytosolic surface by attached 

polysomes and is the site of secretory protein synthesis (46). The supranuclear region of 

the cell is occupied by the Golgi complex, which consists of stacks of flattened cisternae 

of varying size and numerous small, smooth-surfaced vesicles. In the Golgi complex, ER

synthesized secretory proteins are post-translationally modified and then packaged into 

condensing vacuoles (the initial, immature stage of zymogen granules; 98). Secretory 

proteins are concentrated at this level of immature granules, which allows the storage, in 

aggregate form, of large quantities of secretory protein within a minimum of intracellular 

granule space (99). These vacuoles gradually move, by undefined mechanisms, to the 

apical portion of the acinar cell; the concentration process continues as they move. 

Upon reaching the apical region, the condensation is complete and these now mature 

zymogen granules remain at the cellular apex until the appropriate neurohormonal 

stimulus triggers exocytosis. These mature protein storage sites, or zymogen granules, 

vary in number depending on the stage of cellular development (100) and the state of 

neurohormonal stimulation (101). 

The membrane surrounding the acinar cells, or plasmalemma, is also specialized, 

structurally and functionally, depending on its location on the cell. The apical 

plasmalemma possesses short microvilli (102) and has a relatively thick glycocalyx on its 

outer surface (103). Within the core of each microvillus is a bundle of filaments likely 

composed of actin, myosin, tropomyosin and a-actin (104). Also found in these 

microvilli is villin, known to bundle reversibly actin filaments in a calcium-dependent 
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manner (104). It is thought that these microvilli participate in the active transport and 

movement of secretory granules during stimulated secretion (97). 

The basolateral membrane of the pancreatic acinar cell has few lateral 

interdigitations, although this region contains small, smooth-surfaced vesicular 

invaginations (46). These structures may reflect pinocytosis activity known to take place 

in this membrane region (105). There are also honnone receptors, such as those for 

CCK, exclusively localized on the basolateral plasmalemma, further emphasizing the 

specializations of the apical and basolateral plasmalemmal domains in stimulus-secretion 

coupling (106). 

Gap junctions are prominent specializations of the lateral plasmalemma in 

pancreatic acinar cells (107). Intramembranous particles in gap junctions are composed 

primarily of a single protein species (with an apparent molecular weight of 26,000), 

which forms a pore structure across the membrane bilayer (97). The inner diameter of 

the gap junction pore allows only small molecules (500-1000 daltons) to traverse 

between the cells (108). The gap junctions also provide channels for intercellular 

movement of ions and other small, metabolically important molecules and are thought to 

be the sites of electrical communication between cells (109). 

Synthesis of Digestive Enzymes. The major functions of the exocrine pancreas 

are to synthesize and secrete various enzymes and a fluid rich in bicarbonate, both of 

which aid in the gastrointestinal digestion of foodstuffs. The specific functions of the 

digestive enzymes (amylase, lipase, cholesterol esterase, phospholipase ~, ribonuclease, 

procarboxypeptidase, trypsin and chymotrypsin) have been discussed; now the synthetic 

and secretory regulators of some of them (amylase, lipase and the proteases) will be 
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reviewed. The synthesis of the digestive enzymes occurs through a common pathway 

that will also be reviewed. As outlined by Palade (1l0), there are six successive steps in 

the synthesis and secretion of proteins in the exocrine pancreatic acinar cell: synthesis, 

segregation, intracellular transport, concentration, intracellular storage, and discharge. 

This is an orderly process that proceeds from the basal to apical region of the cell. 

To begin this process, translation of RNAs for all proteins is initiated on 

polysomes free in the cytosol. However, proteins intended to be exported possess a 

special sequence on the 3' side of the AUG initiation codon, which is translated into an 

amino teoninal extension, or signal peptide (111). Upon emergence of this signal 

peptide, ribosomal translation is temporally halted because the signal peptide interacts 

with a large-molecular-weight protein-RNA complex, the signal recognition particle, 

which is associated with the large ribosomal subunit. At this time, proteins not 

possessing a signal peptide complete translation in the cytosol where they reside (112). 

Translation-arrested polysomes, however, find their way to the ER membrane, where 

they interact with a membrane protein, or docking protein (113). At this point, the SRP 

and docking protein detach from the ribosome and can reenter the cycle; both molecules 

are thought to act catalytically in the targeting process (114). The ribosome-nascent 

chain complex engages a functional ribosome membrane junction. As the nascent 

polypeptide emerges from the ribosome, it is translocated across the ER membrane, a 

process driven by nucleoside triphosphate hydrolysis (114). The ribosomal subunits and 

RNA then dissociate from the ER and are available for another round of translation 

beginning in the cytosol. Of importance in this process is the requirement for the signal 

recognition particle to complex with the docking protein in order for translation of the 



signal-bearing RNA to be completed. 'This provides a mechanism for initial sorting, or 

segregation, of nonexportable proteins from those which must be synthesized and 

subsequently processed by the ER-Golgi export pathway (115). 
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As the secretory proteins move from the noosomes to the cisternae of the ER, 

several modifications occur. Besides cleavage of the signal peptide, there is formation of 

disulfide bridges (116) and initial glycosylation (117) of some exportable proteins. 

There are also conformational changes as proteins assume their tertiary or quaternary 

structure as a result of disulfide bond formation. These structural changes are thought 

to account for irreversible segregation of proteins within the RER. 

Within 20-30 min of their synthesis, secretory proteins move from the cisternae of 

the RER to the Golgi complex. Further post-translational modification also occurs in the 

Golgi (97). These include terminal glycosylation, sulfation of proteoglycans and further 

proteolytic cleavage of propeptides to their final secretory form. 'This transfer is 

supposedly mediated by vesicles arising from pinched-off transition elements of the RER 

that act as carriers for the secretory proteins (118). Then, secretory proteins are 

concentrated into condensing vacuoles which later become mature storage granules (98). 

Finally, the Golgi complex serves the important function of sorting and routing ER

synthesized proteins to their final destination (i.e., lysosomal hydrolases to lysosomes or 

secretory proteins to storage granules). There is also a sorting of signals, yet unknown, 

of secretory proteins that will be released in response to neurohormonal stimulation and 

those secreted without intervention of a intracellular messenger system (i.e., constitutive 

secretory pathway; 119). 
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Secretion and Its Regulation. Zymogen granules, following their fonnation, move 

by unknown mechanisms to the apical portion of the acinar cell. They serve as mature 

storage sites waiting to be released in response to an appropriate neurohonnonal 

stimulus. Their release, or the exocytotic event, consists of: movement of the zymogen 

granule toward the apical membrane (possibly by brownian motion); recognition by the 

zymogen granule of the appropriate fusion partner (possibly aided by a calcium

dependent protein cofactor); and fusion and fission of the zymogen granule membrane 

with the plasmalemma at the site of exocytosis (119). The contents of the zymogen 

granules are released into the relatively alkaline environment of the acinar lumen. 

Production of a fluid rich in bicarbonate by nearby centro acinar cells is thought to be 

necessary for final dissolution of the zymogen granule contents (120). This exocytosis 

occurs in response to receptor-mediated stimuli on the basolateral membrane of the 

acinar cells. 

Pancreatic secretagogues, neurotransmitters and gastrointestinal honnones that 

stimulate secretion of digestive enzymes, bind to specific receptors on the basolateral 

membrane of the acinar and ductal cells (106). The steps following receptor occupancy 

that lead to secretion of either proteins or ions are generally referred to as stimulus

secretion coupling (121). This process involves intracellular messengers, which are 

infonnational molecules (ions, cyclic nucleotide, phospholipids) that convey a message 

from the plasma membrane to the inside of the cell. These messengers then activate 

effectors (protein kinases, phosphatases, adenosine triphosphatase), which bring about 

the secretory process. The end result, for protein secretion by the acinar cell, is the 

directed fusion of the zymogen granule with the luminal plasma membrane. For fluid 



secretion by the ductal cells, the end result is net translocation of Na+, CI- and other 

osmotically active solutes into the lumen of the acinus with the passive movement of 

water (122). 
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The exact intracellular messengers and effectors involved in any stimulus

secretion response within the acinar cell differ depending of the secretagogue eliciting 

the response (Figure 2) but two major classes of secretagogues exist. For the first class, 

phosphotidyl inositol and cytoplasmic Ca2+ are the major intracellular messengers as 

exemplified by CCK, acetylcholine and bombesin (123). The second class, exemplified by 

secretin and vasoactive intestinal peptide (VIP), act through cyclic AMP (cAMP; 124). 

The secretory-stimulus pathway for CCK is initiated by interaction of CCK with its 

receptor. Radiolabelled CCK binds to two different classes of binding sites (125,126). 

One class of binding sites has a low capacity but high affinity for CCK, and the other has 

a high capacity but a low affinity for CCK (125,126). There is also recent evidence for a 

third class of CCK binding sites on acinar cells, but the biological activity associated with 

its occupancy is yet unknown (127). The primary event engendered by occupancy of the 

high and low affinity receptor sites is an increased hydrolysis of phosphatidylinositol-4,5-

bisphosphate (PI-4,5P) in the plasma membrane by associated phospholipase C 

hydrolysis to produce diacylglycerol (DAG) and inositol-l,4,5-triphosphate (IP3; 128). 

The onset of this response after CCK-receptor interaction is very rapid, occurring within 

15 sec of agonist exposure (128). The breakdown products of PI-4,5P subsequently 

initiate independent intracellular affects. 

One product of PI-4,5P hydrolysis, IP3, appears to be involved in cellular Ca++ 

mobilization from a nonmitochondrial store, probably the RER or calcisomes, which are 

- .- -.--.----
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Figure 2: STIMULUS-SECRETION COUPLING IN THE PANCREATIC ACINAR CELL 

Abbreviations: CCK, cholecystokinin; VIP, vasoactive intestinal peptide; PI-4,SP, 
phosphoinositol-4,S-bisphosphate; IP3, inositol-1A,S-triphosphate; DAG, diacylglycerol; 
CAM, calmodtdin; PP, protein phosphatase; PK, protein kinase; PK-C, phospholipid 
dependent protein kinase; PK-A, cyclic AMP-dependent protein kinase. Schematic is 
taken from: Brannon, P.M. (1990) Copper and the exocrine pancreas: implications for 
lipid digestion. In: Role of Copper in Upid Metabolism, (Lei, K.Y., ed.) pp.137-l60, CRC 
Press, Boca Raton. 
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non-ER membrane enclosed Ca2+ -storeage vessicles (129,130). The hydrolysis of PI-

4,5P, itself, may playa role in intracellular calcium release. The Ca2+ bound at the 

inner plasma membrane surface to the negatively charged phosphoinositol headgroups 

are thought to be released directly upon hydrolysis of the phospholipid, and thereby, 

contribute to the large increase in intracellular Ca2+ seen in acinar cells within a few 

seconds after receptor occupation (131). The released Ca2+ then has several receptors, 

or effectors, with which it binds, including calmodulin (CAM) - a ubiquitous acidic 

protein (132). In most cases, the Ca2+ -CAM complex then binds to and activates 

enzymes such as protein kinase and protein phosphatase (133). Diacylglycerol, the other 

hydrolytic product of PI-4,5P, is a physiologic activator of protein kinase C (134). All of 

these activated enzymes playa role in phosphorylation of distinct cellular proteins, with 

functions not yet clearly defined (135), and may playa direct role in regulation of acinar 

cell exocytosis. However, most of the specific enzymes or regulatory proteins involved in 

exocytosis or ion transport have not yet been identified. 

Secretin, like cholecystokinin, binds to a specific receptor on the basolateral 

membrane of acinar cells (19,122). It, too, provokes a stimulus-secretion response, but 

mainly via a different intracellular messenger - cAMP. Upon secretin-receptor 

interaction, there is a large increase in cAMP ranging from 8- to 30-fold (136), which 

results from activation of adenylate cyclase in acinar cell plasma membranes (137). 

Cyclic AMP then binds to and activates protein kinase A, which phosphorylates 

intracellular proteins. The protein substrates for cAMP-activated protein kinase are 

unknown, but are thought to playa role in exocytosis and ion transport, leading to 



48 

secretion of enzymes by acinar cells and an isotonic, NaGI- and bicarbonate-rich fluid by 

ductal cells (122). 

Some evidence also suggests that secretin, at high concentrations (>10-8M), 

stimulates secretion of acinar cells via the phosphoinositide second messenger system 

(138), similarly to GGK. Secretin receptors of both high and low affinity are proposed to 

exist (138). Occupation of the high affinity receptors in rat pancreatic acini leads to an 

increase in cAMP levels and a low rate of enzyme secretion. By contrast, occupation of 

the low-affinity receptors appears to cause a more marked increase in enzyme secretion 

via a cAMP-independent mechanism, the phosphoinositide pathway, which leads to 

increased inositol triphosphate, intracellular calcium and diacylglycerol (138). 

Therefore, secretin may, indeed, function via both messenger systems to regulate enzyme 

release. 

Tissue-Specific Gene Expression. Exocrine pancreatic acinar cells synthesize a 

group of hydrolytic enzymes involved in the digestion of food, as stated earlier. These 

enzymes in the pancreas increase markedly during pancreatic development, largely due 

to an increased rate of transcription (139). Transcriptional enhancers have been 

identified that appear to be responsible for the expression of these digestive enzymes. A 

conserved sequence has been identified in the enhancers by sequence comparisons of the 

5'-flanking regions of several of these genes, including amylase, elastase, chymotrypsin, 

trypsin, ribonuclease and carboxypeptidase (140,141). Subsequent functional studies 

showed that fragments containing this consensus sequence act as pancreas-specific 

enhancers in cultured cells (141,142,143) and in transgenic mice (144,145). 



Competition for binding in gel mobility-shift experiments and methylation 

interference studies suggest that the pancreas-specific enhancer element contains two 

distinct binding motifs (142,146). One motif contains the sequence, CAGCfGTG, and 

the other, TITrCCC. Deletion of these sequences in the rat chymotrypsin B enhancer 

abolishes enhancer function (141). Similarly, mutations in related CAGCfGTG and 

CACCfGTG motifs in the rat amylase 2A (141) and rat elastase I (143) enhancers, 

repectively, lead to severely decreased gene expression. These studies suggest a critical 

role for this enhancer region in the control of pancreas-specific gene expression. 
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Recent research has focused on the identification of pancreatic nuclear proteins 

that interact with the enhancer regions of digestive enzyme genes to increase their 

expression in the exocrine pancreas. Nelson and coworkers (147) have cloned two 

cDNAs that encode proteins (Pan-1 and Pan -2) that bind to the consensus sequence 

CAe/ GCfGT
/ G' the CACCfGTC motif, which is present in transcriptional control elements 

of exocrine pancreatic genes, and increase expression of such genes. However, both 

Pan-1 and Pan-2 bind to related motifs present in the rat insulin enhancer, as well as a 

DNA segment containing the SV40 AP-4 element. Therefore, it is not likely that these 

proteins are solely responsible for acinar-specific expression of digestive enzymes. It is 

possible, however, that the Pan proteins interact with other factors that bind to the 

CACCfGTC element or the contiguous TITrCCC motif. The affinities and specificities of 

the potential interacting factor(s) may then determine the functional competence of the 

complex (147). 

Howard and coworkers (148) recently identified a nuclear protein with specific 

affintiy for the enhancer region of the mouse Amy 2.2 gene. Protein binding was 

------ -------- ----- ---------- -- -
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characterized by gel retardation, DNase I footprinting and G-methylation interference 

and appears to be required for amylase enhancer activity. The same protein was also 

found to bind the enhancer of the elastase gene, despite the difference in sequence 

organization within the enhancer region. The two reported consensus sequences are 

separated by 17 bp in the mouse amylase 2.2 gene, but are continuous in the rat elastase 

I gene, indicating that the amylase enhancer comprises a single functional unit (148). 

This rat pancreatic protein appears to be the same as a protein isolated from AR42J cells, 

which was designated PTF1 (142). Cockell and colleagues (142) demonstrated that 

PTF1 interacts with the mouse Amy 2.1 gene, as well as that of ttypsin, chymottypsin 

and carboxypeptidase. Mutations in the enhancers of these genes lead to concomitant 

loss of protein binding and enhancer activity, which provides functional evidence for a 

positive effect of protein binding on gene expression. However, future isolation of pure 

PTF1 or cloning of the PTF1 gene is necessary to confirm this proposed function. The 

possibility that PTF1 protein interacts with Pan-1 and Pan-2 in acinar-specific gene 

expression also needs to be examined in the future. 

Dietary Regulation of the Exocrine Pancreas 

As stated earlier, Pavlov (44),in the early 1900s, first reported the adaptation of 

the exocrine pancreas secretions to changes in nutritional substrates in the diet. Since 

then, many studies have confinned and extended these findings. Pancreatic cellular 

content, as well as secretion (149), of the major digestive enzymes (proteases, lipase, 

amylase) changes with alterations in their respective substrates (protein, triglyceride, 

starch; 150,151). This adaptation occurs through changes in enzyme synthesis (152-



154) and mRNA levels (155-158). -For one adaptation, pancreatic lipase to dietary fat, 

the change in rnRNA levels occurs through altered transcription (159); but, for the 

remaining adaptations, transcriptional regulation has not been definitively established. 

These mechanisms of pancreatic adaptation to dietary substrates and their possible 

mediators will be discussed in detail in this, and the following, sections. 

Protein 
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Early studies (160,161) investigating the effects of various quantities of dietary 

protein on the pancreatic proteases (chymotrypsinogen, trypsinogen) demonstrate that 

beyond a rninirnallevel of protein (10% wt/wt) in the diet, individual proteases are 

regulated in direct proportion to the amount of their substrate. Later studies confirm 

this dose-dependent effect of dietary protein from 10-80% casein (162-164). These 

changes in proteolytic activity (80-600%) parallel (152) changes in protease synthetic 

rates (250-1800%), which tend to precede the changes observed in tissue levels of 

enzymes (160,161). Changes in acinar cell content of proteases begin within 24 h after 

administration of a high- protein diet, and continue for five to seven days, after which 

time protease levels plateau (149,158). However, changes in protease synthetic rates 

occur within two hours of dietary change and continue to increase slowly for up to nine 

days (152). 

These observed changes in protease enzyme content and synthesis are mediated 

by similar changes in their rnRNA levels (156); protease rnRNA levels increase 200-

400%. However, it is yet unclear whether the dietary adaptation of chymotrypsinogen 

----. ----------- --- --- ---------



and trypsinogen rnRNA levels result from changes in gene transcription or mRNA 

stability. 
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Consumption of diets high in predigested proteins, composed of small pep tides, 

affect the acinar cell content and synthesis of chymotrypsinogen and trypsinogen to the 

same extent as intact protein (164); but, amino acids, provided either intravenously or 

orally, fail to increase pancreatic protease activities (165,166). Therefore, the adaptation 

of the proteases to dietary protein does not involve their digestive end products. Instead, 

intact dietary protein or small peptides regulate the proteases. These proteins and 

pep tides have been proposed to increase the release of CCK from the duodenum, which 

may then cause the increase in pancreatic proteases. This suggested hormonal 

regulation will be discussed in detail in the next section. 

The dietary adaptation of the proteases is affected not only by the amount of 

protein in the diet, but also by its quality. Consumption of diets containing large 

amounts of high-quality protein, such as casein or fish protein, increases 

chymotrypsinogen, whereas consumption of low-quality protein, such as gelatin or zein, 

does not, unless the diets are supplemented with their limiting amino acids (167). 

Furthermore, high-protein diets with high biological value, such as those containing 

whole-egg protein, increase chymotrypsinogen more than casein-containing diets unless, 

again, the casein is supplemented to improve its biological value (168). 

Severe protein malnutrition also affects dietary adaptation of the proteases. 

When a nitrogen-free diet is consumed by rats, producing protein malnutrtion, 

chymotrypsinogen and trypsinogen content, as well as that of amylase, decrease (169). 

A protein-free diet also decreases amylase and cationic protease synthesis; however, the 
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synthesis of the anionic proteases increases (163). A general decrease in enzyme 

synthesis in protein malnutrition may reflect limited essential amino acids and an 

attempt to spare amino acids, in general, for other tissues. The unexpected increase in 

anionic proteases is proposed as a protective mechanism to ensure digestion of any 

consumed proteins (163) and represents a paradoxical increase compared to the overall 

pancreatic response. 

Triglyceride 

Early studies investigating the effects of high-fat diets on pancreatic lipase found 

no dietary adaptation of this enzyme (150,170). Mer the identification of colipase and 

its addition to assays for lipase activity, however, a profound adaptation of lipase 

content (170-800%; 151,154,171,172,173,174) and synthesis (200%; 154) in response to 

high-fat (41-75% kcal) diets was uncovered. This adaptation of lipase to high-fat diets 

begins immediately and continues for five days (172). Lipase mRNA levels are also 

increased (200-380%) with increasing dietary fat content (154,156,159). Recently, 

Wicker and Puigserver (159) reported a progressive stimulation of lipase gene 

transcription over a period of adaptation to a lipid-rich diet. Therefore, the stimulation 

of lipase transcription may entirely explain lipase message accumulation during dietary 

adaptation. 

The adaptive response of lipase is the same whether dietary fat is increased at the 

expense of protein (172,173) or carbohydrate (154,174), suggesting that dietary fat, 

alone, is responsible for the adaptation. Dietary fatty acids also increase pancreatic 

lipase levels (171,172), as does intravenous infusion of emulsified triglyceride (165). 

-~----------
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Therefore, it appears that oral consumption of, or enteral response to, intact fat is not 

required for lipase adaptation. However, the role of fatty acids post-digestion in lipase 

adaptation is unclear because infusion of ketones, which increase lipase content, causes 

a decrease in serum fatty acids (175). 

Lipase adapts not only to changes in total amount of dietary fat, but to types of 

fat, as well. However, some controversy exists as to whether differences in lipase 

adaptation seen with consumption of different types of fat are caused by variation in 

chain length or degree of saturation of the dietary fats. Deschodt-Lanckman et al. (172) 

and Bazin et al. (171) report that unsaturated fats stimulate lipase to a greater extent 

than do saturated fats. However, Saraux et aI. (176) report that degree of saturation of 

fats does not influence lipase, but rather chain length of the fatty acids in dietary 

triglycerides regulate lipase adaptation; long-chain triglycerides stimulate lipase more 

than medium-chain triglycerides. Sabb et al. (174) report no difference in lipase 

adaptation to saturated and unsaturated fats and to long-chain and medium-chain 

triglycerides when diets contain 67% kcal as fat. However, when dietary fat content is 

reduced to 40% kcal, consumption of only highly unsaturated diets (containing safflower 

oil; PIS ratio = 7.9) leads to increased lipase content. Therefore, composition of dietary 

fat is more influential at levels of dietary fat where lipase adaptation is not maximally 

induced. Such is the case with moderate fat diets, where unsaturated fat increases lipase 

more than saturated fat. 

Byproducts of triglyceride digestion, ketones and fatty acids, also affect and may 

mediate lipase adaptation. In fact, both lipase activity and blood ketone levels are 

positively correlated with high-fat diets (171). Furthermore, continuous infusion of 

-------------- -------
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P(OH)-butyrate into rats results in an increase in lipase activity equal to that caused by 

a 40% fat diet (171). However, the direct effects of ketones on pancreatic acinar cells 

cannot be inferred from in vivo infusion studies. Therefore, to determine if ketones do, 

indeed, regulate pancreatic lipase, it is necessary to examine their affects in a totally in 

vitro system of cultured acinar cells, in which interaction with other potential regulators 

is eliminated. 

There may also be other mediators of pancreatic lipase, such as secretin (to be 

reviewed), involved in this dietary adaptation. The affects of secretin, either alone or in 

conjunction with the above mentioned nutrients, also need to be addressed in an in vitro 

model system. 

Carbohydrate 

Much like the responses of proteases and lipase to dietary protein and 

triglyceride, amylase content (150,153,172,177,178) and synthesis (153,154,156,179) 

increase (50-500% and 200-800%, respectively) in response to high-carbohydrate (65-

73% kcal) diets. These diets must, however, contain greater than 10% protein (163) to 

provide essential amino acids or amylase content is decreased. Amylase mRNA levels 

also increase (900%) with increases in dietary carbohydrate (155). This adaptation 

occurs whether carbohydrate is increased at the expense of protein (163) or fat 

(154,178), indicating carbohydrate is primarily responsible for the adaptation. However, 

various carbohydrates affect pancreatic amylase differently. 

Although orally administered glucose affects pancreatic amylase similarly to 

dietary starch (172,173,180), sucrose and fructose have lesser effects (180). 
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Furthermore, lactose and galactose do not affect amylase content (172). Intravenously 

administered glucose also increases amylase content (165), supporting a role of starch 

digestive end-products in this dietary adaptation. Further support is provided by the fact 

that inhibition of starch digestion decreases amylase content (181). Blood glucose, 

whether infused or stimulated by dietary carbohydrates (starch, sucrose or fructose), is 

associated with increased amylase adaptation. However, because high blood glucose 

concentrations stimulate insulin release, it is unclear whether glucose is a sole mediator 

or acts in conjunction with this hormone (to be discussed in next section). 

Glucocorticoids that antagonize many biological functions of insulin also seem to 

regulate pancreatic amylase activity. The relationship between dietary carbohydrate and 

glucocorticoids is unclear, but glucocorticoid depletion, following adrenalectomy, 

decreases pancreatic amylase content (182), synthesis and rnRNA (183). Insulin and 

glucose levels also decrease after adrenalectomy (183), but repleting these with oral 

glucose does not increase amylase activity. These results strongly suggest a direct 

influence of glucocorticoids on acinar cells. However, it is still unknown whether the 

long-term regulation of amylase in the pancreatic adaptation to dietary carbohydrate is 

mediated by glucocorticoids and insulin separately, or whether their action on the 

pancreas is dependent on the presence of both insulin and glucocorticoids. 

Hormonal Regulation of the Exocrine Pancreas 

As stated in the previous section, there are several hormones (CCK, secretin, 

insulin) which have been implicated as mediators of the adaptation of pancreatic 

enzymes (proteases, lipase, amylase) to their dietary substrates. The secretion and 



general biological actions of CCK, secretin and insulin have been briefly described 

previously. Herein their non-secretory effects on pancreatic acinar cells, underlying 

mechanisms, and their proposed regulatory roles will be descnbed. 

Insulin 

57 

Insulin is a proposed regulator of amylase, specifically, in its adaptation to 

dietary carbohydrate (184). In fact, certain pancreatic amylase genes, including rat Amy-

2 and mouse Amy-2.2, seem to require insulin for expression (58). Diabetes in rats 

(alloxan- or streptozotocin-induced), which decreases insulin production, also decreases 

amylase content (172,185), synthesis (186) and mRNA levels (187) in rats. Replacement 

of insulin in diabetic rats restores amylase content (185,188), synthesis (186) and mRNA 

levels (187). Furthermore, Osborn and coworkers (189,190) have localized insulin

responsive sequences on the mouse Amy-2.2 gene and determined that transcription of 

amylase is repressed in diabetic mice. 

Glucose may, however, interact with insulin in the regulation of amylase, 

although the mechanisms are not clearly defined. Importantly, the reversal of the effects 

of diabetes with insulin treatment appears to be dependent upon increased glucose 

utilization because insulin is ineffective in restoring amylase in diabetic rats fed a high

fat diet (185). Furthermore, fasting in mice, which decreases plasma glucose and 

insulin, decreases amylase content (172) and synthesis (191); however, glucose 

administration restores them. If diazoxide, which inhibits glucose-induced insulin 

release, is also administered, amylase content and synthesis are not restored (191). 

These studies suggest that insulin is an important regulator of pancreatic amylase . 

. .. _-_ .. _--
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However, it remains to be detennined whether glucose stimulates the release of insulin 

which then regulates the transcription of amylase alone, or whether glucose-stimulated 

insulin enhances the utilization of glucose by the acinar cells which interacts with 

insulin in the regulation of amylase. In either case, the regulatory scheme would 

account for amylase adaptation to orally and intravenously administered glucose, as well 

as ingested starch. 

Secretin 

Besides its role in pancreatic secretion, secretin is proposed to regulate the long

term adaptation of pancreatic lipase to dietary fat. Its in vivo infusion into rats increases 

the relative synthesis of lipase (192-194), but does not alter mRNA levels (195). 

Because consumption of high-fat diets increases lipase mRNA levels, as well as its 

content and synthesis; it is unlikely that secretin, alone, regulates this pancreatic 

adaptation. It is possible, however, that secretin is involved in a translational regulation 

of lipase either alone or in conjunction with other regulators. 

The duodenal infusion of oleic acid, a hydrolytic product of triglycerides, 

increases plasma secretin levels (196), providing further support for its role in lipase 

adaptation to both oral triglycerides and fatty acids. However, there is no evidence to 

support a role of secretin in lipase adaptation to intravenous triglycerides, because the 

release of secretin has been demonstrated with only luminal fatty acids. Possibly, 

secretin interacts with other hormones or metabolites, such as ketones, in the regulation 

of pancreatic lipase. In order to detennine the exact role of secretin in pancreatic lipase 

regulation, it is necessary to examine its direct effects on acinar cells in an in vitro 
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culture system. In this way, the effects of secretin, alone, can be determined, as well as 

its interactive effects with other potential regulators (ketones, fatty acids). 

Cholecystokinin 

In addition to immediate postprandial secretory actions, CCK is also involved in 

the long-term regulation of the pancreas including growth and adaption to dietary 

substrates - specifically protein (197,198). The mechanisms involved in long-term action 

of CCK are not well understood, but may be mediated, in part, by regulation of 

pancreatic gene expression. 

One adaptive action of CCK is the stimulation.of pancreatic growth (increased 

pancreatic weight and DNA content), that is promoted, in part, by consumption of high

protein diets (198,199). This CCK-induced pancreatic growth probably involves 

induction of ornithine decarboxylase (ODC), which catalyzes the rate-limiting steps in 

the biosynthesis of the polyarnines putrescine, spermidine and spermine (200). 

Polyarnines have been shown to facilitate many aspects of DNA, RNA and protein 

synthesis and have been implicated in the regulation of growth and proliferation (201). 

Recently, CCK infusion was shown to increase pancreatic ODC rnRNA levels two-fold 

(197), which correlates well with the two-fold increase in ODC immunoreactivity seen in 

rat pancreas after treatment with caerulein, a potent CCK analogue (202). Therefore, 

CCK is thought to exert pre translational regulation of ODC, which then mediates, in 

part, the pancreatic growth reported with CCK treatment (197). 

CCK is also implicated in the long-term adaptive changes in pancreatic digestive 

enzyme production in response to dietary protein. Consumption of a high-protein diet 
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by rats for seven days results in increased plasma CCK levels (198). Furthermore, CCK 

or caerulein treatment causes an increase in pancreatic protease content (203) and 

trypsinogen 1 and 2 synthesis (204,205). Its effects on protease mRNA levels, however, 

are not clear. Renaud et al. (203) report that caerulein injection increases 

chymotrypsinogen and trypsinogen mRNA levels. Similarly Lewis et al. (197) report that 

infusion of CCK at physiologic levels increases the mRNA levels of trypsinogen 1 and 

chymotrypsinogen B. Wicker et al. (206) also found that caerulein infusion increases 

protease mRNA levels. However, Steinhilber et al. (204) report that caerulein infusion 

does not change anionic trypsinogen mRNA levels. 

Despite these conflicting reports of its regulation of protease mRNA levels, CCK 

remains the likely mediator of pancreatic protease adaptation. It appears that CCK 

controls this adaptation to dietary protein through feedback regulation of its secretion 

from the small intestine (195). Active trypsin in the intestinal lumen decreases the 

release of CCK by degrading a CCK-releasing factor produced in the intestinal mucosa or 

pancreas (207). However, when protein or peptides are present in the lumen, as with 

high-protein diets, the trypsin molecules become occupied with their hydrolysis. 

Therefore, CCK-releasing factor remains active, CCK is released and proceeds to the 

pancreatic acinar cells where it exerts its effects on protease content, synthesis and, 

possibly, mRNA levels. This proposed role of CCK accounts for the fact that only dietary 

protein and peptides, which require trypsin hydrolysis, lead to pancreatic adaptation; 

whereas, amino acids, intravenous or oral, do not. However, because the effects of CCK 

on pancreatic proteases have been examined predominantly with in vivo infusion of 

injection studies, it is not known whether CCK, itself, is causing these effects, or whether 
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CCK is potentiating the effects of other honnones or regulators in circulation. Therefore, 

it is necessary to examine the direct effects of CCK on acinar cells in culture to 

determine its exact role in protease regulation. 

In some studies of dietary adaptation of the pancreas, consumption of high

protein diets also decreases amylase mRNA levels (155,157). Although in vivo elevation 

of plasma CCK has no effect of amylase mRNA levels (197), and infusion of caerulein 

causes a relatively small decrease in amylase synthesis (203,204,206); direct effects of 

CCK on pancreatic amylase in vitro have not been examined. It is possible, however, 

that the decrease in amylase mRNA levels associated with consumption of high-protein 

diets is provoked by the low levels of dietary carbohydrate frequently needed to achieve 

a diet high in protein. Therefore, changes in amylase gene expression could be mediated 

by a mechanism sensitive to decreased dietary carbohydrate content, possibly involving 

insulin or glucocorticoids (208), which were discussed earlier. 

In Vitro Model Systems of the Exocrine Pancreas 

Many different model systems have been used to study exocrine pancreatic 

function and regulation. A major advance is this endeavor came with the development 

of in vitro cell systems. Early in vitro studies used either gland slices, fragments (i.e. 

lobules) or whole tissue from young animals (209). Although significant data were 

obtained, major problems existed, such as tissue viability, representational sampling, 

diffusional barriers, and the presence of multiple cell types (209). The development of 
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techniques allowing isolation of individual acinar cells and intact acini from the pancreas 

has alleviated some of these problems. 

Reproducible sampling of a purified cell type has allowed the study of receptors, 

second messengers and effector systems that constitute the cellular regulatory pathways. 

Furthermore, because isolated cells can be maintained in primary culture, the study of 

longer-term cellular regulation such as that of protein synthesis and gene regulation is 

now possible. 

The in vitro model systems currently used to study exocrine pancreatic function 

and regulation can be divided into three major groups: cultured acinar cells; cultured 

acini; and AR42J cells, an exocrine pancreatic tumor cell line. These models will be 

discussed individually in terms of their characteristics, advantages and limitations. 

Acinar Cell Culture 

The first isolated dispersed acinar cells were prepared by Amsterdam and 

Jamieson (210) by enzymatic digestion of rat pancreatic tissue with crude collagenase 

(contaminated with other proteases) and hyaluronidase, divalent cation chelation and 

mechanical shearing. Subsequently, purified collagenase and chymotrypsin replaced the 

crude enzyme treatment in order to obtain more reproducible results (211). In these 

preparations, collagenase acts to digest the basement membrane and connective tissue 

stroma; calcium chelation separates desmosomes and tight junctions; and mechanical 

shearing completes the cell separation (211). This isolation procedure yields >95% 

acinar cells, as expected from proportions of cells in the pancreas, with few endocrine or 



duct cells. Initial studies used these isolated cells acutely (within 4-6 h of isolation); 

subsequently, longer term cultures (4-10 d) of these cells have been developed. 
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These isolated cells (212,213,214), have been used acutely for a variety of studies 

measuring receptors, cyclic nuc1eotides, and ion fluxes. By contrast, secretion of 

macromolecules is reduced variably in the dispersed acinar cell preparation and requires 

higher concentrations of secretagogues (210,214,215). For example, Kondo and Schulz 

(176) found that amylase release from perfused rat pancreas is increased 8-20 fold with 

CCK treatment; whereas, the same CCK treatment stimulates only a two-fold increase in 

amylase release from dispersed acinar cells. This altered secretion may be due to 

changes in the plasma membrane, either luminal (209) or lateral (216,217), caused by 

cell dispersal. 

The luminal plasma membrane is believed to be involved in exocytosis, and its 

distinct nature is lost when tight junctions are split by calcium chelation (218). 

Disruption of the lateral plasma membranes, upon cell dispersal, causes dissociation of 

gap junctions. Bruzzone and coworkers (216,217) have found a two-fold increase in 

basal secretion by acini upon disruption of gap junctions by heptanol; such disruption 

would necessarily occur upon dispersal of individual acinar cells. Increased basal 

secretion rate of dispersed acinar cells may influence the secretagogue-stimulated 

secretion pathway. Perhaps availability of enzymes for secretion becomes a problem if 

enzyme synthesis is not increased proportionally to secretion. In any case, this altered 

secretion rate of dispersed acinar cells does not make them the best candidate for 

secretion studies. Although information about enzyme secretion is readily obtainable, 
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luminal and lateral plasma membranes. 
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Despite the inherent complication of membrane alterations seen in isolated acinar 

cells, their use has distinct advantages. As previously mentioned, they remain in 

suspension, making reproducible sampling easier, they have no diffusion barriers, and 

they can be maintained in culture for several days (219,220). Therefore, it is extremely 

beneficial to develop an optimal acinar cell model for the study of exocrine pancreatic 

function, and many have contributed to this endeavor since the original attempts of 

Amsterdam and Jamieson (210). Of the methods developed for primary culture of 

pancreatic acinar cells, each produces cells with unique characteristics. This may reflect 

differences in species, culture techniques, and the medium in which they are maintained 

(219). 

Rat pancreatic acinar cells have been isolated and cultured in serum-containing 

medium either with (221,222) or without (220) components of extracellular matrix 

(ECM). Those cultured without ECM are maintained up to 10 days and exhibit normal 

acinar cell morphology, but are unresponsive to hormones (223). Of the two acinar cell 

preparations cultured with ECM, one produces cells that reaggregate into acini-like 

structures (220), and the other, cells that fonn monolayers and proliferate (221). A 

primary culture of mouse acinar cells also exists (224). These cells are cultured on 

collagen substrates, on which they attach and proliferate. They fonn monolayers of cells 

with recognizable apical and basal surfaces, but with a reduced content of secretory 

granules that differ in composition from nonnal zymogen granules (209). They also 

-. -- --------



maintain some degree of honnonal-responsiveness (224) to caerulein; however, its 

effects are primarily trophic. 
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The primary acinar cell cultures (detailed elsewhere) used for the studies 

described herein is one developed by Brannon and colleagues (223,225). This procedure 

yields individual acinar cells by sequential enzymatic digestion (collagenase and 

hyaluronidase) and chelation (EDTA) of rat pancreatic tissue as modified from the 

original procedure of Amsterdam and Jamieson (211,220,223). The cells are then 

maintained in a serum-free (SF), honnonally-defined medium, and are viable (80-85%) 

for four to five days in culture. They exhibit many characteristics of differentiated acinar 

cells (223). Morphologically, they appear rounded, which is typical of dispersed acinar 

cells. Examination by electron microscopy reveals zymogen granules and abundant RER, 

characteristic of differentiated ultrastructure. 

Functionally, these acinar cells retain honnonal responsiveness to insulin (223) 

and epidennal growth factor (EGF;225). They also retain ability to secrete enzymes in 

response to various secretagogues such as carbamyl choline (223), secretin (25) and 

caerulein (226), demonstrating that they do have functional honnone receptors. This, 

coupled with the fact that these acinar cells do synthesize enzymes (i.e. amylase) de 

novo for up to four days in culture (223,227), make this system particularly useful for 

studying the regulatory effects of these secretagogues on cellular enzyme content and 

synthesis. However, as mentioned earlier, although these cells do secrete enzymes in 

response to stimuli, they are not the best model for secretion studies. 

This model system is also useful for examining the dietruy adaptation of 

pancreatic digestive enzymes. More specifically, the increase in amylase and lipase that 
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occurs in vivo in response to their dietary substrate, persists in acinar cells cultured from 

rats fed high-carbohydrate (227) and high-fat (228) diets, respectively. This model 

system is, therefore, ideal for examining interactive effects of antecedent diet with 

honnones and metabolites. Because the cells are cultured in a defined medium without 

serum, the presence of unwanted, confounding variables is limited. 

There are, however, inherent complications and limitations of in vitro acinar cell 

model systems, in general. For example, the enzyme content of acinar cells tends to 

decrease over time in culture (223,224). This may be due, in part, to increased basal 

secretion of dispersed acinar cells, as discussed previously. Other possible explanations, 

such as altered enzyme synthesis and stability in culture, have not been ruled out. It is 

therefore important to consider system limitations when designing experiments. 

Acini Culture 

In order to overcome the poor secretory response of isolated acinar cells, the 

original preparation (209) was modified by Williams et al. (229) to produce intact acini 

units. The calcium chelation, noncollagenase protease treatment and hyaluronidase 

treatment were eliminated. Thus, isolated acini were produced by incubation of 

pancreatic tissue with only purified collagenase, followed by mechanical shearing. Such 

acini consist of 10-30 acinar cells and retain nonnalluminal and lateral structure, 

including apical tight junctions and lateral gap junctions (229). Enzyme secretion by the 

pancreatic acini in response to secretagogues is greater in both magnitude and sensitivity 

than that of isolated acinar cells, and equal to that of perfused glands or dissected 
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lobules (209,230). TIlls increased responsiveness probably results from preservation of 

cell-to-cell coupling or of apical structures thought to be required for exocytosis (209). 

With these acute preparations of acini (229,231), it has been possible to localize 

secretagogue receptors and study their relation to protein secretion (232,233,234). 

However, more than one cell type may be present in acini preparations, such as a small 

number of centroacinar cells that are an integral component of the unit (209). 

Therefore, it is necessary to account for the contribution of these cells in the secretory 

process. 

Long-term studies of cellular regulation have been limited in acini by their short 

lifetime (three to five hours). Attempts have been made, therefore, to culture acini for 

longer periods of time in an environment that would preserve differentiated function. 

Logsdon and Williams (235) have developed a suspension culture of acini that is viable 

for up to 24 h. These acini, cultured in the presence of 20% fetal calf serum, maintain 

normal morphology, responsiveness to CCK and carbachol, and the ability to synthesize 

proteins. Additionally, EGF, insulin and carbachol increase the responsiveness of these 

acini to stimuli; therefore, it is thought that acini must receive a certain level of 

stimulation in culture in order to maintain their differentiated state over time (235). 

TIlls does not seem to be the case for isolated acinar cells (223,225). It is important to 

note that any factor added to culture media becomes a confounding experimental 

variable. Also of note, investigators have been unable to culture these acini units for 

longer that 24 h, making it virtually impossible to study longer-term regulation in this 

model system. Further, enzyme content decreases similarly in this 24 h in cultured acini 

and acinar cells 
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AR42J Cell Line 

At the time of introduction of the AR42J cell line, the study of biogenesis, 

packaging and discharge of secretory proteins had been examined effectively in 

pancreatic acinar cells and acini. Although many of the steps leading to the discharge of 

digestive enzymes and pro enzymes had been identified (110), the details of the release 

mechanism were still obscure. Also unknown, were the relationship between 

cytodifferentiation and cellular processing on hormonal discharge of secretory proteins. 

There was a need for a long-term culture in which the role of tissue organization and its 

influence upon cell function could be studied. 

Jamieson and coworkers, interested in this problem, set out to characterize, 

morphologically, a rat pancreatic acinar cell tumor that had been first described by 

Reddy (236) and Rao (237). These tumor cells, induced in rats by dietary treatment 

with nafenopin (236), are highly cytodifferentiated (238). Although they contain 

abundant RER, elements of the Golgi complex and secretory granules, they also undergo 

mitosis in a manner similar to that seen in the developing pancreas. However, the 

secretory granules are smaller than normal zymogen granules and may not behave 

identically. 

Cells in the parenchyma to the tumor grow as disarrayed cords and sheets, are 

randomly oriented with respect to each other, and do not form acini structures (238). 

However, those cells that abut on blood vessels undergo polarization and form oriented 

epithelial layers in which the nuclei of the cells face the vessel wall and the secretory 

granules orient in the opposite direction (238). This may be due to the presence of the 

basal lamina components Oaminin, collagen type IV, fibronectin), which may serve as 
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organizing sites to align the acinar tumor cells. Only in this area of the tumor, is a basal 

lamina present that underlies the basal plasmalenuna. The tumor cells in the 

parenchyma appear, via electron microscopy, to have extensive disruption of tight 

junctions, infrequent gap junctions, and no cellular polarization (238). 

Although the acinar tumor cells contain the cellular machinery for the production 

and packaging of secretory proteins, it was unknown whether the lack of polar 

organization of the plasmalenuna compromised their secretagogue-responsiveness. 

Therefore, further studies were performed by Iwanij and Jamieson (239) to investigate 

the tumor cell functional capacity. Dispersed tumor cells discharge secretory proteins in 

vitro when incubated with hormones that act via four different classes of receptors: 

carbamylcholine, cae rule in, secretin-VIP, and bombesin (239). With all hormones tested, 

maximal discharge was about 50% of that seen in pancreatic lobules with the same dose 

optima, except for secretin, whose dose optimum was 10-fold higher. Biochemical 

analysis of the tumor cell secreted proteins compared to those of normal cells, revealed a 

reduction or absence of the following enzymes in tumor cell secretion: proelastase, basic 

trypsinogen, basic chymotrypsinogen, ribonuclease and lipase. In contrast, tumor cells 

secreted a higher amount of acidic chymotrypsinogen (239). Therefore, although the 

acinar tumor cells are highly differentiated cytologically and express functional receptors, 

they show quantitative and qualitative differences compared to normal acinar cells with 

regard to their production and secretion of secretory proteins (239). 

Because secretory proteins are markers for acinar cell differentiation, Iwanij and 

Jamieson (240) sought to establish whether the secretory profile of the tumor cell was 

unique to the transformed cell or whether it resembled that of a stage of normal 
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pancreatic development. The secretory pattern of the tumor cells reflect that of day-19 

normal embryonic acinar cell differentiation with respect to the phenotypic expression of 

secretory proteins. They propose, therefore, that the cells mirror a stage of normal 

pancreatic development (240) and they suggest this system provides an opportunity to 

examine the factors involved in the regulation of gene expression in normal development 

and in neoplastic transformation of the exocrine pancreas. 

Subsequent to these studies, Logsdon and coworkers (241) took advantage of the 

immature stage of differentiation in the rat tumor cell line AR42J, derived from the 

exocrine pancreas, to demonstrate that glucocorticoids playa role in acinar cell 

differentiation. In AR42J cells, glucocorticoids directly increase both the number of 

secretory granules, and the levels of mRNA for amylase. These changes, then, lead to an 

increase in the synthesis, content and secretion of this enzyme. The glucocorticoid 

treatment of these cells also leads to a decrease in replication. It is concluded, then, that 

glucocorticoids have pleiotropic effects on these pancreatic acinar cells, and these effects 

lead to a more differentiated phenotype. 

For studies such as the one described above, this AR42J cell line is particularly 

useful. It is also beneficial for the study of pancreatic development and its relation to 

cellular function. However, because these cells are not fully differentiated and lack 

several major digestive enzymes (lipase, pro carboxypeptidase B, basic proteases), it 

would be impractical to examine dietary or hormonal regulation of the exocrine pancreas 

using this model system. 
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CHAPTER 3 

EFFECfS OF DIET AND KETONES ON PANCREATIC LIPASE 

Summary 

The activity, synthesis rate and mRNA level of pancreatic lipase increase with dietary 

fat intake. Ketones, intermediates of lipid metabolism, have been proposed to mediate 

this change. Therefore, we investigated their direct effect on cultured pancreatic acinar 

cells, and examined, as well, their possible interactive effects with glucose and dietary 

fat. Beta-(OH)-butyrate (0.01 to 2 mmoVL) did not affect lipase activity in cells isolated 

from rats fed commercial non-purified diet (NP) and cultured in high (HG, 27.8 

mmoVL) or low glucose (LG, 6.9 mmoVL) media. The effects of ketones were also 

examined in acinar cells isolated from rats fed purified high fat (HF, 67% J (kcal) fat) or 

low fat (LF, 11% J (kcal) fat) diet. Cellular lipase was significantly higher in cells from 

HF-fed rats at both 24 and 48 h (264% and 145% of LF values, respectively; p<O.OOOI). 

Beta-(OH)-butyrate significantly increased (p<0.04) lipase activity in LF cells at 48 h, in 

a dose-dependent manner with 0.05 to 2.0 mmoVL B(OH)-butyrate, but did not affect 

lipase activity in HF cells. These studies suggest that ketones may be involved in the 

regulation of pancreatic lipase in rats fed a LF diet, but their role is complex and 

interactive with dietary carbohydrate and fat. 
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Introduction 

Pancreatic lipase (E.C. 3.1.1.3) activity is specifically enhanced by triglycerides 

regardless of their origin: exogenous (diet, 151,174,176,242) or endogenous (adipose 

tissue - in starvation and streptozotocin-induced diabetes; 171,185). Lipase synthesis 

and mRNA levels also adapt to high dietary fat levels, increasing 3.1- and 3.9-fold, 

respectively (158). Bazin and coworkers (171) propose that ketones, intennediates in 

triglyceride metabolism, are responsible for the adaptive response because both lipase 

activity and blood ketone levels are positively correlated with HF diets, fasting and 

diabetes. Furthennore, continuous infusion for 5 days of B(OH)-butyrate into rats 

results in a 40% increase in lipase activity (171). However, direct effects of ketones on 

pancreatic acinar cells have not been examined, and cannot be inferred from infusion 

studies which may result in interactive effects of B(OH)-butyrate with other metabolites 

or honnones. 

In order to examine direct effects of ketones on pancreatic lipase, it is necessary 

to employ an experimental system in which only ketones can be varied without 

homeostatic honnonal response, such as the primary culture of pancreatic acinar cells 

that has been developed (223,225). These cells are maintained in a defined serum-free 

(SF) medium and are viable for 4-5 days. They retain differentiation, as evidenced by 

the presence of zymogen granules (223); honnonal responsiveness to insulin (223) and 

epidennal growth factor (EGF; 225); ability to secrete amylase in response to 

secretagogues (223); and the ability to synthesize amylase de novo throughout 4 days in 

culture (227). The present study, therefore, examined the direct effects of B(OH)

butyrate on pancreatic lipase in vitro in these cultured acinar cells. To determine if 
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ketones and glucose interact in regulating pancreatic lipase, the effects of B(OH)

butyrate were also examined in acinar cells cultured in LG medium. Ketone bodies act 

as energy substrates, but are secondary to glucose. Possibly, cells in a HG media would 

not utilize ketones readily. Therefore, the effects of ketones were examined in cells 

cultured in both LG and HG media to evaluate ketone and glucose interaction. Finally, 

the interactive effects of antecedent diet and B(OH)-butyrate were examined in acinar 

cells cultured from rats fed HF or LF diets, because cells from HF-fed rats may have 

maximally stimulated lipase and be unable to respond further to ketones. 

Materials and Methods 

Animals and Diets 

Male, weanling Sprague-Dawley rats (40-100 g; Harlan, Indianapolis, IN, USA) 

were housed individually, maintained on a 12 h light-dark cycle and fed ad libitum for 7 

days either a NP diet (Continental Grain Co., Chicago, IL, USA) that contained 24% 

crude protein, 4% crude fat and 4.5% crude fiber, or a purified diet: HF or LF (Appendix 

A; 4) that contained 20% casein, 11.3 or 65% starch, and 28.9 or 50/0 com oil. The 

purified diets were isocaloric and isonitrogenous, but varied in cellulose content, a non

energetic dietaxy component that has no effect on pancreatic enzyme content (243). 

Acinar Cell Culture 

Two rats per treatment group were decapitated and the pancreata were removed 

aseptically and pooled. Pancreatic acinar cells were isolated and cultured according to 

the method of Brannon et a!. (223,225). Pancreata were minced into 1-2 rnrn pieces and 
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incubated with 20 ml Hank's Balanced Salt Solution (HBSS) with 1 rnmoVL EDTA for 15 

min at 37° C while shaking 120 cycles per min (cpm). (All media were purchased from 

Gibco, Grand Island, NY, USA) The chelated mixture was centrifuged (lEC Centra-7, 

International Equipment Co., Needham Heights, MA, USA) for 2 min at 500 xg. The 

resulting supernatant was discarded; the pellet was rinsed with 20 ml Ham's F-12 

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

tissue pellet was digested with 20 ml of 9.5 p.moVL collagenase type II and 16.3 p.moVL 

hyaluronidase (Worthington Biochemical Corp., Freehold, NY, USA) with 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. After centrifugation at 500 xg for 2 min, the supernatant was 

discarded; the pellet was rinsed with 20 ml of HBSS. The chelation and digestion were 

repeated in sequence as described. After the second digestion and centrifugation, the 

pellet was rinsed with 20 ml Ham's F-12 medium with 5% HI-CS, centrifuged for 2 min 

at 500 xg and resuspended in 10 ml Ham's F-12/5% HI-CS. The suspension was filtered 

through 500 and 25 /Lm Nytex filters, layered onto 40 ml 5% HI-CS/6% Ficoll and 

centrifuged for 10 min at 200 xg. The pellet was rinsed with 20 ml Ham's F-12/5% HI

CS then with 20 ml Waymouth's medium 752/1 (with 25 rnmoVL HEPES buffer, 2.4 

rnmoVL glutamine, 0.01 % soybean trypsin inhibitor (STI) and IX antibiotic-antimycotic) 

and the pellet was resuspended in 10 ml Waymouth's medium. Cell number and viability 

were determined with trypan blue dye (0.1% final concentration). Cells were plated in 

24-well petri clusters (Costar, Van Nuys, CA,USA) at a density of 1X106 cells per well in 

2.0 ml Waymouth's serum-free (SF) medium with 0 to 2.0 rnmoVL B(OH)-butyrate 

(Sigma Chemicals, St. Louis, MO, USA) and incubated (Model #3187, Forma Scientific, 



75 

Marietta, OH, USA) at 37° C with 5% humidified CO2 for up to 48 h. SF medium 

contained 0.17 rnrno1!L bovine serum albwnin (BSA; Sigma Chemicals, St. Loius, MO, 

USA), 1X10-8 mo1!L dexamethasone (DEX; Sigma Chemical, St. Louis, MO, USA) and 42 

pmo1/L epidermal growth factor (EGF; Sigma Chemicals, St. Louis, MO, USA), and 27.8 

rnrnoI!L glucose (HG) or 6.9 rnrno1/L glucose (LG). Cells were harvested in triplicate 

and an aliquot taken from each well for the determination of viability. Cells were 

centrifuged (Model J6-B, Beckman, Palo Alto, CA, USA) at 1800 xg at 4° C for 2 min; 

the media supernatant was discarded; and cell pellets were washed with 1 rn1 ice-cold 

phosphate buffered saline (PBS) and frozen at -80° C for subsequent analysis. 

Cell Analyses 

Frozen cell pellets were homogenized in 1 rn1 phosphate buffered saline (PBS) by 

sonication (Ultrasonic Dismembrator, Artek Systems COIp., Farmingdale, NY, USA) on ice 

for 7-10 s. Aliquots of homogenates were assayed for cellular protein by the Lowry 

method (244) with BSA as the standard and for lipase activity by an autotitrirnetric 

(Autotitrator, Radiometer, Westlake, OH, USA) method with olive oil as the substrate in 

the presence of excess colipase (245). Colipase was partially purified from hog pancreas 

by the method of Ouagued et al. (246). Lipase activity was expressed as units (pmoles 

FFA released/min) per mg protein. In some experiments, lipase activity was also 

expressed as a percentage of the freshly-isolated control (LF cells) value for ease of 

comparison. 



Statistical Analyses 

Data, expressed as mean ± SEM, were analyzed by one- or two-way analysis of 

variance (AN OVA) and least significant differences (LSD;247). Significant differences 

were denoted by p<0.05. 

Results 
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In acinar cells from rats fed NP diet, B(OH)-butyrate did not significantly affect 

lipase activity when cells were cultured 24 or 48 h (Table 1). Lipase activity was, 

however, significantly lower (70%) in acinar cells cultured 48 h than those cultured 24 

h. Similarly, B(OH)-butyrate did not significantly affect lipase activity of acinar cells 

cultured 24 or 48 h in LG medium (Figure 3). Lipase activity was, again, significantly 

lower in cells cultured in LG or HG medium at 48 h than at 24 h. Further, lipase 

activity tended (p<0.30) at 48 h to be lower (38%) in cells cultured in LG medium than 

in HG medium. 

Beta-(OH)-butyrate did not significantly affect the protein content of cells from 

NP-fed rats cultured in media containing LG at 24 h (Table 2). However, 0.25, 0.50 and 

1.0 rnrnoVL B(OH)-butyrate significantly increased (p<0.00001) the protein content of 

cells in LG media for 48 h. Media glucose did not affect protein cont.:mt or viability of 

cells. Beta-(OH)-butyrate also had no affect on the viability of cells cultured in LG 

media for 24 or 48 h; however, the cellular viability for all cells was significantly lower 

(11%) at 48 h compared to that at 24 h (p<0.00001; data not shown). 

Antecedent diet and B(OH)-butyrate significantly affected lipase activity (Figure 

4) in acinar cells isolated and cultured from rats fed for 1 wk HF or LF diet. Overall, HF 



Table 1: EFFECI' OF p(OH)-BU1YRATE ON LIPASE ACTIVI'IY IN CULTURED 
ACINAR CELLS l 

PANCREATIC LIPASE CU/MG PROTEIN)2 

p(OH)-BU1YRATE (mmol/L) 24h 48h 
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0.00 38.01 ± 14.313 10.51 ± 6.32b 

0.01 34.37 ± 19.203 9.85 ± 6.09b 

0.05 27.97 ± 7.913 9.50 ± 5A8b 

0.50 22.17 ± 5.843 6.69 ± 3.67b 

2.00 28.16 ± 2.963 7.81 ± 9.07b 

lCells were isolated from rats fed 1 wk commercial nonpurified diet and cultured 24 or 
48 h in serum-free medium with various concentrations of p(OH)-butyrate. 

2Values represent mean ± SEM of triplicate samples from three experiments except for 
2.00 mmol/L P(OH)-butyrate, which represents triplicate samples from one experiment. 

3·byalues in a row or column not sharing a superscript differed significantly by 2-way 
ANOVA and LSD (p<0.05). There was no significant independent effect of p(OH)
butyrate and no interactive effect of time and P(OH)-butyrate. There was a significant 
(p<O.OOOl) independent effect of culture time (24 h > 48 h). 

- ---------- -- -- -------
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EFFECT OF IJ(OH)-BUlYRATE ON PANCREATIC LIPASE ACTM1Y IN 
ACINAR CELLS CULTURED IN HIGH GLUCOSE (HG) OR LOW GLUCOSE 
(LG) MEDIA FOR 24 (A) AND 48 (B) H. 

Cells were isolated from rats fed 1 wk commercial non-purified diet and cultured 
in HG (27.8 mmol/L) or LG (6.9 mmo1!L) serum-free medium for 24 (A) or 48 (B) h 
with various concentrations of IJ(OH)-butyrate. Each value represents mean ± SEM of 
triplicate samples from three experiments. Data were analyzed by 2-way ANOVA and 
LSD (p<O.05). 

There ,was a significant (p<O.OOOOl) independent effect of culture time on lipase 
activity (24 h > 48 h). There was no significant independent effect of IJ(OH)-butyrate 
and no significant interactive effect of time and IJ(OH)-butyrate. 



Table 2: EFFECT OF J3(OH)-BUTIRATE ON PROTEIN CONTENT OF ACINAR 
CELLS CULTURED IN HIGH GLUCOSE (HG) OR LOW GLUCOSE (LG) 
MEDIA FOR 24 AND 48 HI 

CELLULAR PROTEIN (MG/ML)2 
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J3(OH)-BUTIRATE (mmoVL) 24h 48 h 

HG: 0.00 0.19 ± 0.05ab 0.11 ± 0.02d 

LG: 0.00 0.19 ± 0.02ab 0.10 ± 0.02d 

0.25 0.19 ± 0.02ab 0.16 ± 0.04bc 

0.50 0.18 ± 0.02ab 0.16 ± 0.03bc 

1.00 0.21 ± 0.02a 0.15 ± 0.02bc 

2.00 0.18 ± 0.02ab 0.13 ± 0.02cd 

lCells were isolated from rats fed 1 wk commercial nonpurified diet and cultured in HG 
(27.8 mmoVL) or LG (6.9 mmoVL) serum-free medium for 24 or 48 h with various 
concentrations of J3(OH)-butyrate. 

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

abcdValues in a row or column not sharing a superscript differed significantly be 2-way 
ANOVA and LSD (p<O.05). There was no effect of media glucose on protein content of 
cells cultured for 24 or 48 h. Although IJ(OH)-butyrate had no effect on cells cultured 
for 24 h, 0.25, 0.5 and 1.0 mmoVL J3(OH)-butyrate significantly increased (p<0.0001) 
the protein content of cells in LG media after 48 h. 
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Cells were isolated from rats fed 1 wk HF (67% J (kcal) fat) or LF (11% J (kcal) 
fat) diet and cultured in HG medium for 24 h (A) or 48 h (B) with various 
concentrations of (J(OH)-butyrate. Each bar represents mean ± SEM of at least 
triplicate samples from three experiments. 

abcC!Yalues (expressed as a % of LF control values: 24 h = 13.21 ± 2.28 or 48 h 
= 5.27 ± 0.84) at 24 or 48 h not sharing a superscript differed significantly by 2-way 
ANOVA and LSD (p<0.05). At 24 h, there was a significant independent effect of diet 
(HF>LF), but no independent effect of (J(OH)-butyrate and no interactive effect of 
(J(OH)-butyrate and diet. At 48 h, there were significant independent effects of diet 
(p<0.0001; HF>LF) and (J(OH)-butyrate (p<0.035; 2.0>0.5>0.05=0.01 mmoVL), and 
no significant interactive effect of diet and (J(OH)-butyrate. 

---_._---- -_._--- -- -- ---
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cells had significantly (p<0.000l) greater lipase activity at both 24 (2.6-fold) and 48 h 

(1.S-fold) than LF cells. Beta-(OH)-butyrate significantly affected (p<0.04) lipase 

activity in only LF cells at 48 h, causing a dose-dependent increase in lipase activity with 

0.5 to 2.0 mmollL B(OH)-butyrate. Neither 0.01 nor 0.05 mmollL B(OH)-butyrate 

affected lipase activity. In contrast, B(OH)-butyrate did not affect lipase activity in HF 

cells after 24 or 48 h in culture. 

Beta-(OH)-butyrate did not significantly affect the protein content of HF or LF 

cells at either 24 or 48 h (Table 3). However, the protein content of all HF cells was 

significantly decreased at 48 hr vs. 24 h (p<0.04). LF cells, in general, had significantly 

higher protein content compared to HF cells at 24 h (p<0.03) and 48 h (p<O.OOl). The 

viability of cells from both HF- and LF-fed rats was not significantly changed by P(OH)

butyrate or time in culture (data not shown). 

.. ----.---



Table 3: EFFECf OF {J(OH)-BUTYRATE AND DIET ON PROTEIN CONTENT OF 
ACINAR CELLS CULTURED 24 AND 48 HI 

CELLULAR PROTEIN (MG/ML)2 
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{J(OH)-BUTYRATE (mmoVL) 24h 48 h 

LF: 0.00 0.42 ± 0.078 0.38 ± 0.068 

0.01 0.42 ± 0.078 0.38 ± 0.068 

0.05 0.43 ± 0.058 0.39 ± 0.078 

0.50 0.41 ± 0.068 0.40 ± 0.083 

2.00 0.44 ± 0.078 0.38 ± 0.083 

HF: 0.00 0.37 ± 0.09b 0.30 ± 0.08c 

0.01 0.37 ± 0.09b 0.30 ± 0.08c 

0.05 0.38 ± 0.09b 0.30 ± O.OSc 

0.50 0.35 ± 0.09b 0.30 ± O.OSc 

2.00 0.36 ± 0.08b 0.30 ± O.OSc 

1 Cells were isolated from rats fed 1 wk HF (67% J (kcal) fat) or LF (11 % J (kcal) fat) 
diet and cultured in HG medium for 24 or 48 h with various concentrations of p(OH)
butyrate. 

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

3bcyalues in a row or column not sharing a superscript differed significantly by 2-way 
ANOVA and LSD (p<0.05). {J(OH)-butyrate did not significantly affect the protein 
content of HF or LF cells at either 24 or 48 h. The protein content of all HF cells, 
however, was significantly decreased at 48 h (p<0.04). LF cells, in general, had 
significantly higher protein content compared to HF cells at 24 h (p<0.03) and 48 h 
(p<O.OOl). 
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Discussion 

Beta-(OH)-butyrate affected lipase activity only in cells isolated from rats fed LF 

diet, where circulating levels of ketones are typically low. In contrast, rats fed HF diet 

have high levels of blood ketones (171) and an enhanced level of lipase synthesis (154). 

Therefore, additional B(OH)-butyrate may not aIter lipase regulation in cells isolated 

from HF-fed rats. Higher levels of lipase synthesis in the HF-fed rats would also explain 

their higher cellular lipase activity compared to cells of LF-fed rats at 24 and 48 h in 

culture, despite the fact that cells from LF-fed rats had, in general, higher protein 

content. A similar persistence of dietary carbohydrate regulation on amylase activity and 

synthesis has also been demonstrated in cultured pancreatic acinar cells (227). 

Why B(OH)-butyrate did not affect cellular lipase activity in rats fed NP diet with 

10% J (kcal) fat remains unclear. Although it is difficult to compare the results from 

experiments using rats fed purified diets to those using rats fed NP diet, it is interesting 

to note that the lipase activity in cells from NP-fed rats was intermediate when compared 

to lipase activities in cells isolated from rats fed purified HF or LF diet. Antecedent diet 

does affect the hormonal responsiveness of these cultured cells to EGF (225) and may 

affect metabolic regulation as well. Cell maintenance may also be affected by antecedent 

diet, as evidenced by a decreased viability (11%) of cells from NP-fed rats after 48 h 

while that of cells from LF- or HF-fed rats was virtually unchanged. There was also 

greater variance in lipase activity in cells from rats fed NP diets (40% of mean) than 

purified diets (21%), although there is no apparent reason for higher variance with NP 

diets. In light of other experiments (171), one would expect ketones to affect these cells 

similarly to cells from LF-fed rats (11% J (kcal) fat). There were composition differences 
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among these purified and non-purified diets that may have affected the response to 

ketones, such as differences in types of fiber. Although the content was similar 

(NP=4.5%; LF purified=5.0%), the purified diet contains cellulose which has been 

shown not to affect the pancreatic content of lipase, while the NP diet contains a 

variable mixture of wheat and com bran, whose affects on pancreatic lipase are not 

clearly defined. Isaksson et al. (248) found no difference in lipase activity (U/mg tissue) 

after wheat bran supplementation. However, Stock-Damge et al. (248) found significant 

decreases in lipase secretion and Sheard and Schneeman (250) reported elevated 

pancreatic lipase content with wheat bran supplemented diets. Wheat bran feeding has 

also lead to changes in cholesterol and bile salt content of bile secretions in rats (251), 

which may alter lipid metabolism. The protein content of the diets was also similar, but, 

again, the sources differed between NP and purified diets. The purified diets contain 

only casein, while the NP diet contain a combination of animal and vegetable protein 

sources. The quality of dietary protein does affect the adaptive response of pancreatic 

proteases (167,252), and may also affect that of pancreatic lipase. 

An interactive effect of ketones and media glucose on lipase activity was not 

found in these studies; however, (3(OH)-butyrate increased the protein content of cells in 

LG media after 48 h in culture. Possibly, ketones have interactive effects with other 

metabolites or hormones in the regulation of lipase, and perhaps other enzymes. In 

conditions where lipase is enhanced (diabetes, starvation, high-fat feeding), ketone 

bodies (171,185) and free fatty acids (FFAs; 253) are both elevated. Therefore, FFAs 

may playa role, either alone or in conjunction with ketones, in the regulation of lipase. 

However, infusion of ketones into humans for 5 min causes a decrease (30%) in serum 



fatty acids (175). Therefore, the direct effects of FFAs on lipase activity needs to be 

examined in cultured acinar cells, as well as possible interactive effects of FFAs with 

ketones. 
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Other possible regulators of pancreatic lipase include secretin, which when 

infused into rats causes a 4-fold increase in lipase synthesis (194). Secretin has been 

shown to be elevated after intraduodenal infusion of 20% fat (254). However, secretin 

infusion does not affect lipase mRNA, whereas dietary fat increases lipase content, 

synthesis and mRNA (195). Further, we found that secretin, in vitro, does not affect 

lipase content of cultured cells, even though these cells retain secretory responsiveness to 

secretin (25). 

These findings demonstrate that the effects of dietary fat on lipase activity 

persisted in cultured acinar cells, even though the total cellular activity decreased with 

culture time. This change in cellular lipase activity may be due to an increased basal 

secretion rate secondary to disruption of acini gap junctions in the isolated acinar cells 

(216) and decreased synthetic rate in culture. These results also support a role of 

ketones in the regulation of pancreatic acinar cells, although the exact role of ketones 

appears to be more complex than originally hypothesized (171). Further, the magnitude 

of the regulation by ketones appears to be relatively small. The role of ketones in the 

regulation of lipase synthesis and rnRNA levels needs to be examined. A modest increase 

in lipase synthesis could, over a greater period of time, lead to a greater accumulation of 

lipase content. However, these results do not support ketones as the sole mediator of 

the dietary regulation of pancreatic lipase. 
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CHAPTER 4 

EFFECI'S OF CAERULEIN AND SECRETIN ON AMYLASE AND LIPASE 

Summary 

We examined the effects of secretin (0 to 200 nM) and caerulein (0 to 100 nM) 

on rat pancreatic acinar cells cultured 0 to 48 h in serum-free medium. The effects of 

100 nM secretin with 1 nM caerulein were also studied because secretin may potentiate 

the effects of caerulein. Cellular and media (secreted) lipase and amylase were analyzed 

as were cellular DNA and protein content. Cellular lipase and amylase activities 

significantly decreased (p<0.0001) over time in all treatment groups, while media 

amylase and lipase significantly increased (p<0.0001). Neither secretin nor caerulein 

affected cellular lipase or media amylase. However, secretin significantly increased 

(p<0.04) and caerulein tended to increase (p<0.08) media lipase in a dose-dependent 

manner. At 12 h, 10 nM secretin maximally increased media lipase (58%), suggesting 

that cultured acinar cells remain responsive to secretin in vitro. Caerulein, at all 

concentrations, significantly decreased (p<0.001) cellular amylase, but exhibited a dose

dependent effect only at 24 h when 100 nM caerulein maximally decreased cellular 

amylase (34%). Secretin (100 nM) did not alter these effects of caerulein. These results 

support the proposed role of caerulein in the regulation of amylase, but not a direct role 

of secretin in the regulation of lipase. 
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Introduction 

The activity, synthesis rate and mRNA level of lipase adapt to changes in its 

dietary substrate, triglyceride, increasing 2.4-, 3.1- and 3.9-fold, respectively, in response 

to a high fat diet (158). Similarly, amylase activity (161), synthesis rate (170) and 

rnRNA levels (155) increase in response to a high carbohydrate diet. The cellular 

mediators of these pancreatic adaptations remain unknown, but various hormones and 

nutrients have been proposed as mediators of this dietary adaptation. One hormone, 

secretin, is proposed to regulate lipase, specifically, because its intravenous infusion for 

24 h into rats stimulates lipase synthesis (4-fold; 194). Another gastrointestinal 

hormone, cholecystokinin, is proposed to regulate amylase and the proteases. Caerulein, 

a cholecystokinin analog, decreases amylase synthesis (205) without parallel changes in 

its mRNA levels (206) when infused continuously. 

Although these results suggest secretin and caerulein may regulate pancreatic 

digestive enzymes, interactive effects of these hormones with other hormones or 

nutrients cannot be eliminated with in vivo infusion studies. To examine the direct 

effects of each hormone and their possible interactive effects on acinar cells, this present 

study used an in vitro system - primary cultures of pancreatic acinar cells (223). These 

cells are maintained in a defined serum-free (SF) medium and are viable for 4-5 days. 

They retain differentiated characteristics, secretagogue-stimulated secretion and 

hormonal responsiveness (225) and synthesize amylase de novo (227) for 4 days in 

culture. 



Materials and Methods 

Animals and Diet 

Male, weanling Sprague-Dawley rats weighing 40-100 g (Harlan, Indianapolis, 

IN, USA) were housed individually, maintained on a 12 h light-dark cycle and fed ad 

libitum a commercial non-purified diet that contained 24% crude protein, 4% crude fat 

and 4.5% crude fiber (Continental Grain Co., Chicago, IL, USA). 

Acinar Cell Culture 
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Two rats per cell preparation were decapitated and the pancreata were removed 

aseptically and pooled. Pancreatic acinar cells were isolated and cultured according to 

the method of Brannon et al. (223,225). Briefly, pancreata were minced into 1-2 mm 

pieces and incubated with 20 ml HBSS containing 1 mM EDTA for 15 min at 37° C 

while shaking 120 cpm. (All culture media were purchased from Gibco, Grand Island, 

NY, USA.) The chela ted mixture was centrifuged for 2 min at 500 xg. The resulting 

supernatant was discarded; the pellet was rinsed with 20 ml Ham's F-12 medium and 

centrifuged for 2 min at 500 xg; the supernatant was again discarded. The tissue pellet 

was digested with 20 ml of 1 mg/ml collagenase type II and 1 mg/ml hyaluronidase 

(Worthington Biochemical Corp., Freehold, NY, USA) with 1% HI-CS in Ham's F-12 

medium at 37° C for 20 min at 120 cpm in a shaking water bath. After centrifugation at 

500 xg for 2 min, the supernatant was discarded; the pellet was rinsed with 20 ml of 

HBSS. The chelation and digestion were repeated in sequence as described. After the 

second digestion and centrifugation, the pellet was rinsed with Ham's F-12 medium with 

5% HI-CS, centrifuged for 2 min at 500 xg and resuspended in 10 ml Ham's F-1215% HI-
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CS. The suspension was filtered through 500 and 25 JLI1l Nytex filters, layered onto 40 

ml 5% HI-CS/6% Ficoll and centrifuged for 10 min at 200 xg. The acinar pellet was 

rinsed with 20 ml Ham's F-1215% HI-CS then with 20 ml Waymouth's medium 752/1 

with 25 mM HEPES buffer, 2.4 rnM glutamine, 0.01 % S11 and Ix antibiotic-antimycotic. 

The pellet was then resuspended in 10 ml Waymouth's medium. Cell number and 

viability were determined by trypan blue dye exclusion using a cell suspension 

containing 0.10% trypan blue dye. Then cells were plated in 24-well petri clusters 

(Costar, Van Nuys, CA, USA) at a density of 1X106 cells per well in 2.0 ml Waymouth's 

SF medium with 0 to 200 nM secretin (Sigma Chemicals, St. Louis, MO, USA), 0 to 100 

nM caerulein (Sigma Chemicals, St. Louis, MO, USA) or 1.0 nM caerulein plus 100 nM 

secretin. Cells were incubated at 37° C with 5% humidified CO2 for up to 48 h. SF 

medium contained 10 mg/ml BSA, 1XlO-8 M DEX and 42 pM EGF (all purchased from 

Sigma Chemicals, St. Louis, MO, USA). In initial studies, secretin did not have any 

affects after 24 h; in vivo secretin affected lipase within 24 h. Therefore, we only 

cultured cells with secretin for up to 24 h, but cultured cells with caerulein for 48 h in 

the absence of preliminary studies excluding later effects. 

Cells were harvested (three wells per treatment) after 6, 12, 24 or 48 h 

incubation, and an aliquot was taken from each well for the determination of viability. 

Cells and media were then separated by centrifugation at 1800 xg for 2 min at 4° C. 

The media (supernatant) were removed and frozen at -80° C for subsequent analysis, as 

were cell pellets after one rinse with 1 ml ice-cold PBS. 
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Cell Analyses 

Frozen cell pellets were homogenized in 1 rnl PBS by sonication on ice for 7-10 s. 

Aliquots of homogenates were assayed for cellular DNA (256), cellular protein with BSA 

as the standard (244), lipase activity by an autotitrirnetric method with olive oil as the 

substrate in the presence of excess colipase (245) and amylase activity by the Phadebus 

blue starch method (255). Frozen media samples were also assayed for lipase and 

amylase activity. All enzyme activities were expressed as units per mg cellular protein 

and as a percentage of the freshly-isolated control (no treatment) value. 

Statistical Analyses 

Data, expressed as mean ± SEM, were analyzed by one- or two-way analysis of 

variance and least significant differences (247). Significant differences were denoted by 

p<O.05. 

Results 

Secretin did not affect cellular lipase activity (Figure 5), but significantly 

increased media lipase (p<0.04) in a biphasic manner. At 12 h, 10 nM secretin 

maximally increased media lipase (58%). Secretin did not, however, affect cellular or 

media amylase (Figure 6). 

Caerulein significantly decreased cellular amylase activity (p<0.001) at all 

concentrations after incubation for 12 and 24 h (Figure 7) .. However, a dose-dependent 

effect occurred at only 24 h when 100 nM maximally decreased cellular amylase activity 

.... _ .. ----. ---
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Figure 5: EFFECT OF SECRETIN ON CELLULAR AND MEDIA LIPASE ACfM1Y IN 
CULTURED ACINAR CELLS. . 

Cells were isolated from rats fed commercial unpurified diet and cultured in 
serum-free medium for 6, 12 or 24 h with various concentrations of secretin. Each point 
represents the mean of triplicate or quadruplicate samples from three experiments. The 
average freshly-isolated cellular lipase activity was 20.93 ± 4.94 (mean ± SEM). 

There was a significant decrease over time (p<0.00l) in cellular lipase activity 
(6h> 12h> 24h) and a significant increase (p<0.000l) in media lipase activity 
(6h<12h<24h), but no interactive effect of secretin with culture time. Secretin 
increased media lipase (p<0.04), but did not affect cellular lipase activity. 

abyalues at each time point not sharing a superscript differed significantly by 1-
way ANOVA (p<0.04). 
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EFFECT OF SECRETIN ON CELLULAR AND MEDIA AMYLASE ACTIVI1Y 
IN CULTURED ACINAR CELLS. 

Cells were isolated from rats fed commercial unpurified diet and cultured in 
serum-free medium for 6, 12 or 24 h with various concentrations of secretin. Each point 
represents the mean of triplicate or quadruplicate samples from three experiments. The 
average freshly-isolated cellular amylase activity was 84.27 ± 10.40 (mean ± SEM). 

There was a significant decrease (p<O.OOOl) in cellular amylase activity after 12 
h in culture (6h=12h>24h), and a significant increase (p<O.OOOl) in media amylase 
activity over time (6h<12h<24h), but no interactive effect of secretin with culture time. 
At any given time, there was no significant effect of secretin. 
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EFFECTS OF CAERULEIN ON CELLULAR AND MEDIA AMYLASE 
ACTM1Y IN CULTURED ACINAR CELLS. 
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Cells were isolated from rats fed commercial unpurified diet and cultured in 
serum-free medium for 6, 12, 24 or 48 h with various concentrations of caerulein or 
caerulein and secretin. Each time point represents the mean of triplicate samples from 
three or four experiments. The average freshly-isolated cellular amylase activity was 
107.50 ± 7.29 (mean ± SEM). 

There was a significant decrease in cellular amylase activity (6h>12h>24h>48h; 
p<O.OOl) and a significant increase in media amylase activity (6h<12h<24h<48h; 
p<O.OOl) over time, but no interactive effect of caerulein with time. Caerulein 
significantly decreased cellular amylase activity (p<O.OOl), but did not affect media 
amylase. 

abcyalues at each time point not sharing a superscript differed significantly by 1-
way ANOVA (p<0.05). 
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Figure 8: EFFECTS OF CAERULEIN ON CELLULAR AND MEDIA LIPASE ACTM1Y 
IN CULTURED ACINAR CELLS. 

Cells were isolated from rats fed commercial unpurified diet and cultured in 
serum-free medium for 6, 12,24 or 48 h with various concentrations of caerulein or 
caerulein and secretin. Each point represents the mean of triplicate samples from three 
or four experiments. The average freshly-isolated cellular lipase activity was 19.10 ± 
0.89 (mean ± SEM). 

There was a significant decrease in cellular lipase activity (6h> 12h>24h>48h; 
p<O.OOl) and a significant increase in media lipase activity over time 
(6h<12h<24h<48h; p<0.001), but no interactive effect of caerulein with culture time. 
There was no effect of caerulein on lipase activity. 

.._--_._---
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by 34%. Caerulein did not affect media amylase (Figure 7) or cellular lipase (Figure 8), 

but tended to increase media lipase activity (p<0.08). Secretin (100 nM) did not 

potentiate the effects of caerulein (1 nM) on cellular and media lipase (Figure 8) or 

amylase (Figure 7) activities. 

In all cultured cells, cellular lipase and amylase activity significantly decreased 

(p<0.0001) with time in culture, while media lipase and amylase activity significantly 

increased (p<O.OOOl) (Figures 5-8). Overall, there were no effects of secretin or 

caerulein on total (cellular plus media) lipase and amylase activities in cultured acinar 

cells (data not shown), but total amylase activity increased 25% at 12 and 24 h 

(p<O.OOl). Cellular viability decreased slightly (4 to 9%) after 12 h in culture in all 

cells (Tables 4 and 5), but neither secretin nor caerulein affected cellular viability at any 

concentration. 

--- --- --- -------



Table 4: EFFECT OF SECRETIN ON VIABILI1Y OF CULTURED PANCREATIC 
ACINAR CELLS) 

AVERAGE VIABILI1Y (%)2 

SECRETIN (nM) 

0 92.7 ± 1.0 86.3 ± 2.9 90.7 ± 0.7 

0.1 91.5 ± 0.7 86.4 ± 3.1 85.5 ± 2.4 

1.0 91.2 ± 2.6 89.6 ± 1.7 86.5 ± 1.4 

10 87.5 ± 1.0 87.5 ± 0.5 86.2 ± 3.6 

100 90.6 ± 0.8 92.1 ± 0.7 88.1 ± 2.4 

200 89.0 ± 2.7 88.7 ± 0.8 85.7 ± 1.3 

96 

tCells were isolated from rats fed commercial unpurified diet and cultured 6, 12 or 24 h 
in serum-free medium with varied concentrations of secretin. Viability was determined 
by trypan blue exclusion. At isolation, the viability was 88.4 ± 1.0. 

2Values represent mean ± SEM of triplicate or quadruplicate samples from three 
experiments. 

abBy 2-way ANOVA, there was a main effect of time on viability (p<0.02; 6 h - 90.4 ± 
1.1 a; 12 h - 88.4 ± 1.3ab; and 24 h - 87.1 ± 1.2b, but no difference among individual 
time-treatment groups. 



Table 5: EFFECf OF CAERULEIN ON VIABILI1Y OF CULTURED PANCREATIC ACINAR CELLS1 

AVERAGE VIABILI1Y (%)2 

CAERULEIN (nM) 6 ha 12 ha 24 hb 48 hb 

0 87.0 ± 3.3 85.2 ± 2.4 77.3 ± 3.3 76.0 ± 4.0 

1.0 85.8 ± 2.5 83.8 ± 4.3 75.0 ± 4.7 79.3 ± 1.8 

10 86.8 ± 4.3 85.8 ± 2.8 75.0 ± 5.7 76.3 ± 3.5 

100 85.5 ± 3.6 84.2 ± 2.5 79.3 ± 0.3 78.0 ± 0.6 

1.0 + 86.0 ± 3.8 84.0 ± 2.4 80.7 ± 3.5 79.7 ± 2.9 

100 nM Secretin 

ICells were isolated from rats fed commercial unpurified diet and cultured 6, 12, 24 or 48 h in serum-free medium with varied 
concentrations of caerulein or caerulein and secretin. Viability was detennined by tIypan blue dye exclusion. At isolation, the 
viability was 89.3 ± 3.3%. 

2Yalues represent mean ± SEM for triplicate samples from three or four experiments. 

abBy 2-way ANOYA, there was a main effect of time on viability (p<O.OOOl): 6 h - 86.2 ± 3.2a; 12 h - 84.6 ± 2.7a; 24 h-
77.5 ± 3.6b; 48 h - 77.9 ± 2.5b; but no difference among individual time-treatment groups. 
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Discussion 

Secretin increased media lipase activity biphasically without changing cellular 

lipase activity, which suggests that the secretory processes in these cultured cells respond 

to this hormone via functional receptors. However, these results do not support a direct 

cellular role of secretin in the regulation of lipase, contrary to findings in a previous 

study by Rausch et al. (194). They found that intravenous infusion of secretin into rats 

for up to 24 h stimulates a 4-fold increase in lipase synthesis. Since their experiments 

were done in vivo, it is possible that secretin did not directly influence lipase synthesis. 

Instead, secretin may have stimulated or interacted with other hormones or metabolites 

upon infusion to alter lipase synthesis. 

Caerulein, on the other hand, decreased cellular amylase activity in vitro similarly 

to its effect on amylase synthesis in previous in vivo infusion studies (205), supporting 

the proposed role of this hormone in the regulation of amylase synthesis. However, the 

extent of decrease in amylase cellular content in the present in vitro study (34%) is 

much less than the decrease in amylase synthesis observed in the previous in vivo study 

(86%). Other hormones or metabolites may have interacted with and potentiated the 

effects of caerulein. 

Besides its effects on amylase synthesis in vivo, caerulein treatment also increases 

pancreatic protease content and trypsinogen synthesis (204). However, its effects on 

protease mRNA levels remain unclear. Caerulein injection leads to increased 

chymotrypsinogen and trypsinogen levels (203), whereas caerulein infusion does not 

change anionic trypsinogen mRNA levels (204). Although not examined in the present 

study, future in vitro experiments will be designed to investigate the direct effects of 
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caerulein on pancreatic proteases. Again, other hormones or metabolites may have 

interacted with caerulein upon in vivo administration. 
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Green et al. (254) suggested that secretin may potentiate the effects of caerulein 

in vivo. However, we found no additive effects of secretin when cells were cultured in 

the presence of both hormones. Other hormones (insulin, glucagon) and metabolites 

(glucose or ketones) may interact with and potentiate the effects of caerulein and 

secretin on the regulation of these enzymes, but they have not yet been examined. 

Previous work has suggested a role of glucose (257) and ketones (171) in regulating 

amylase and lipase. 

Regardless of treatment, both cellular lipase and amylase activities decreased over 

time in culture, while media enzyme activities increased. However, total (cellular plus 

media) amylase and lipase changed relatively little, as did cellular viability. Total 

amylase activity ranged from 70.4 - 87.1 U/mg protein in the secretin studies and 360 -

450 U/mg protein in the caerulein studies. Total lipase activity ranged from 10.7 - 13.7 

U/mg protein in the secretin studies and 43.3 - 48.3 U/mg protein in the caerulein 

studies. This suggests that, while these cultured cells maintained differentiated 

function, they synthesized less and secreted more pancreatic enzymes. This may be due 

in part to an increased basal secretion due to disruption of acinar gap junctions in the 

isolated acinar cells. Bruzzone et al. (216) have shown that disruption of gap junctions 

in acini and the resulting blockage of cell-to-cell communication lead to an increased 

(two- to three-fold) basal release of amylase. Although it has not been measured 

directly in isolated acinar cells, the basal secretion may be increased compared to cells in 

vivo. 
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Cultured acinar cells maintained their responsiveness to caerulein and exhibited 

changes in enzyme content that were consistent with reported in vivo regulation. Future 

experiments are required to examine the effects of caerulein on enzyme synthesis and 

rnRNA levels directly to determine its mechanism of action. In contrast to caerulein 

response, secretin did not affect in vitro acinar enzyme content, but did stimulate 

secretion. Future experiments are needed to examine the effects of other hormones and 

nutrients, in combination with secretin, on pancreatic enzyme regulation. In conclusion, 

this model of hormonally-responsive cultured acinar cells can be used to study the 

independent and interactive effects of hormones in the regulation of digestive enzymes. 

However, some responses are apparently blunted, perhaps because of desensitization of 

the regulatory process by independently increased basal secretion rates from the isolated 

cells. 
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CHAPTERS 

EFFECTS OF CAERULEIN AND SECRETIN ON DIGESTIVE ENlYME SYNTHESIS 

Summary 

Caerulein is proposed to regulate the synthesis of pancreatic proteases and 

amylase. Similarly, secretin is implicated in the regulation of pancreatic lipase synthesis. 

Evidence of these regulations is predominantly from in vivo studies. We, therefore, 

examined the effects of caerulein and secretin directly on acinar cells to eliminate 

possible interactions with other regulatory factors. Cellular and media enzyme activities 

and relative synthesis were measured after 24 h hormonal treatment. Cells were 

incubated with 14C_amino acids and then subjected to two-dimensional gel 

electrophoresis to separate individual acinar proteins for subsequent determination of 

incorporated radioactivity and relative synthesis. In general, all enzyme activities 

decreased (33%; p<0.02) over time in culture and media enzyme activities increased 

(370%; p<0.00001) in all treatment groups. Caerulein further decreased cellular 

content of all enzymes (p<0.002) and increased media amylase and lipase activities 

(p<0.02). Caerulein, however, significantly increased the relative synthesis of trypsin 

(28%) and tended to increase that of chymotrypsin (25%; p<0.06), which supports its 

proposed role in protease regulation. Secretin, on the other hand, did not significantly 

affect the cellular or media activities or the relative synthesis of any pancreatic enzyme 
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evaluated; therefore, this study does not support the proposed role of secretin in lipase 

regulation. 

Introduction 

The activity, synthetic rate and mRNA levels of amylase, lipase and proteases 

adapt to changes in their respective dietary substrates - carbohydrate, fat and protein 

(150,151,153,155,156,170,258). The cellular mediators of these pancreatic adaptations 

to diet remain unknown, but various honnones and nutrients have been implicated. 

One gastrointestinal honnone, cholecystokinin, is proposed to regulate the 

proteases and amylase. Caerulein, a cholecystokinin analog, increases pancreatic 

protease content (203) and synthesis (205); however, its effects on protease mRNA 

levels remain unclear. When injected, caerulein increases chymotIypsinogen and 

tIypsinogen mRNA levels (203), as does infused CCK-8 and endogenous CCK (stimulated 

by soybean trypsin inhibitor, STI; 197,259). However, infused caerulein either slightly 

increases or does not change tIypsinogen mRNA levels (204,206). Caerulein also 

decreases amylase synthesis (204,205) without parallel changes in its mRNA levels 

(204,206) when infused continuously. In vitro, caerulein decreases amylase cellular 

activity in a dose-dependent manner after 24 h of honnonal treatment; the maximally

effective dose was 100 nM (226). 

Another honnone, secretin, is proposed to regulate pancreatic lipase. When 

infused into rats, it causes a 4-fold increase in lipase synthesis (194). Secretin has also 

been shown to be elevated after intraduodenal infusion of 20% fat (23). However, 

secretin infusion does not affect lipase mRNA, whereas dietary fat increases lipase 

--- - --- --------
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content, synthesis and mRNA (195). Further, we found that secretin, in vitro, does not 

affect the activity of lipase in cultured cells, even though these cells retain secretory 

responsiveness to secretin; the maximally-effective dose was 10 nM at 12 h (25). 

However, its effects on enzyme relative synthesis in vitro have not yet been examined. 

The results described above suggest caerulein and secretin may regulate 

pancreatic digestive enzymes. However, their direct effects on enzyme relative synthesis 

have not been examined and cannot necessarily be inferred from infusion or injection 

studies because of potential interaction with other hormones or regulators in vivo. 

Therefore, this study examines the effects of caerulein and secretin on the relative 

synthesis, as well as cellular content and secretion, of pancreatic enzymes in an in vitro 

system - primary cultures of pancreatic acinar cells (223,225). These cells are 

maintained in a defined serum-free medium and are viable for four to five days. They 

retain differentiated characteristics, secretagogue-stimulated secretion and hormonal 

responsiveness (225), and synthesize amylase de novo for four days in culture (227). 

Materials and Methods 

Animals and Diet 

Male, weanling Sprague-Dawley rats weighing 40-100 g (Harlan, Indianapolis, 

IN, USA) were housed individually, maintained on a 12 h light-dark cycle and fed ad 

libitum a commercial non-purified diet that contained 24% crude protein, 4% crude fat 

and 4.5% crude fiber (Continental Grain Co., Chicago, IL, USA). 

--- ---.- --~ .. -
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Acinar Cell Culture 

Two rats per cell preparation were asphyxiated with CO2 and the pancreata were 

removed aseptically and pooled. Pancreatic acinar cells were isolated and cultured 

according the method of Brannon et al. (223,225). Pancreata were minced into 1-2 mm 

pieces and incubated with 20 ml HBSS without Ca2+ and Mg2+ containing 1 mM EDTA 

for 15 min at 37° C while shaking 120 cpm. (All culture media was purchased from 

Gibco, Grand Island, NY, USA) The chela ted mixture was centrifuged for 2 min at 500 

xg. The resulting supernatant was discarded; the pellet was rinsed with 20 ml Ham's F-

12 medium and centrifuged for 2 min at 500 xg; the supernatant was again discarded. 

The tissue pellet was digested with 20 ml of 1 mg/ml collagenase type II and 1 mg/ml 

hyaluronidase (Worthington Biochemical COIp., Freehold, NY, USA) in Ham's F-12 

medium at 37° C for 30 min at 120 cpm in a shaking water bath. After centrifugation at 

500 xg for 2 min, the supernatant was discarded; the pellet was rinsed with 20 ml of 

HBSS. The chelation and digestion were repeated in sequence as described. After the 

second digestion and centrifugation, the pellet was rinsed with Ham's F-12 medium, 

centrifuged for 2 min at 500 xg and resuspended in 10 ml Ham's F-12. The suspension 

was filtered through 500 and 25 ILm Nytex filters, layered onto 40 ml 6% Ficoll and 

centrifuged for 7 min at 200 xg. The pellet was rinsed with 20 ml Ham's F-12 then with 

20 ml Waymouth's medium 752/1 with 25 mM HEPES buffer, 2.4 mM glutamine, 0.01 % 

STI and Ix antibiotic-antimycotic. The pellet was then resuspended in 10 ml 

Waymouth's medium. 

Cell number and viability were determined by tIypan blue dye exclusion using a 

cell suspension containing 0.1% tIypan blue dye. Then cells were plated in 24-well petri 
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clusters (Costar, Van Nuys, CA, USA) at a density of 1 x 106 cells per well in 2.0 rnl 

Waymouth's SF medium with 100 nM caerulein, 10 nM secretin (both from Sigma 

Chemicals, St. Louis, MO, USA) or no treatment. These honnonal concentrations had 

the greatest effects on pancreatic enzyme secretion and activity in previous studies 

(25,226) and were therefore used in the present study. Cells were incubated at 37° C 

with 5% humidified CO2 for 24 h which was a time period shown effective previously 

(194,226). SF medium contained 10 mglrnl BSA, 1 x 10-8 M DEX (Sigma Chemicals, St. 

Louis, MO, USA), and 42 pM EGF (Bethesda Research Labs, Gaithersburg, MD, USA). 

Some cells from each preparation were harvested (2 wells per sample) either 

after a brief ( < 1 h) rest period following isolation or after 24 h in culture. Cells and 

media were then separated by centrifugation at 1BOO xg for 4 min at 4° C. The media 

(supernatant) were removed and frozen at -BOo C for subsequent analysis, as were cell 

pellets after one rinse with 1 rnl ice-cold PBS. Other acinar cells from the same isolation 

were used for protein synthesis studies either immediately following preparation or after 

24 h in culture. 

Cell Analyses 

Frozen cell pellets were homogenized in 1 rnl PBS by sonication on ice for 7-10 s. 

Aliquots of homogenates were assayed for cellular protein with BSA as the standard 

(244), lipase activity by an autotitrimetric method with olive oil as the substrate in the 

presence of excess colipase (174,245), amylase activity by the Phadebus blue starch 

method (255), trypsin activity using Na-benzoyl-DL-arginine p-nitroanilide (BAPNA) as 

the substrate (260), chymotrypsin activity using glutaryl-L-phenylalanine p-nitroanilide 



106 

(GAPNA) as the substrate (261), and elastase activity using N-acetyl-L-alanyl-L-alanyl-L-

alanine p-nitroanilide (SAPNA) as the substrate (262). Media samples were also assayed 

for lipase and amylase activity, but proteolytic activities could not be measured because 

of the STI in the media. All enzyme activities were expressed as units per mg cellular 

protein. 

Protein Synthesis 

Acinar cells that were treated with 100 nM caerulein, 10 nM secretin or no 

hormone (control) were incubated with 3 #LCi per 2 rnl of a mixture of 15 14C_arnino 

acids (algal protein hydrolysate, Arnersham CFB25, 0.25 Ci/rnl, Arnersham Corp., 

Arlington Heights, IL) for 0 or 90 min for analysis of cellular protein synthesis. The 

incorporation of 14C-amino acids into TCA-precipitable acinar cell proteins was found, in 

preliminary experiments, to be linear for up to 120 min in freshly-isolated and cultured 

cells (data not shown). Cells were haxvested (6 wells per sample) and centrifuged at 

1BOO xg for 5 min at 40 C. Supernatants were discarded and cell pellets were then 

rinsed once with 1 rnl ice-cold PBS and stored at -BOO C until analyzed. 

Rates of synthesis of individual exocrine proteins were measured by evaluating 

the incorporation of radiolabeled amino acids into proteins separated by two

dimensional electrophoresis (263; for validation of method see Appendix B). Proteins 

were first separated by isoelectric focusing ClEF) in 4% polyacrylamide in the presence of 

1.0% pH 4-6, 1.0% pH 5-B, 1.0% pH 9-11, 2.5% pH 3.5-10 Arnpholines (LKB 

Instruments, Inc., Gaithersburg, MD), 9.0 M urea, 0.2B M sucrose and 0.2 mM PM SF. 

The resulting IEF tube gels were soaked for 5 min in 62.5 rnM Tris buffer, pH 6.B, 

-- ----------
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containing 2% sodium dodecyl sulfate (SDS) and 0.01% bromophenol blue dye. Proteins 

were then separated by molecular weight in a 10-20% polyacrylamide gradient gel 

containing 0.1 % SDS in the second dimension. Resulting protein spots were stained 

with 0.06% Coomassie Blue dye, excised from gels wit." a scalpel and digested overnight 

in 1 ml 30% hydrogen peroxide at 60° C. Radioactivity incorporated into individual 

protein spots was determined by counting digested second dimension gel spots in a 

scintillation counter (Tri-Carb 460 CD, Packard, Downers Grove, IL). 

Relative synthesis of individual exocrine proteins was calculated by dividing the 

amount of radioactivity incorporated into one protein spot by the total amount of 

radioactivity incorporated into all protein spots. This analysis eliminated the 

complicating variable of differing intracellular or tRNA specific activities (SA) among the 

treatments, which we have shown previously varies with hormonal (264) and antecedent 

dietary treatment (225). Therefore, data were not analyzed as total incorporation, 

because intracellular SA were not determined. 

Statistical Analyses 

Data, expressed as mean ± SEM, were analyzed by analysis of variance (AN OVA) 

and least significant differences (247). Two-way ANOVA was also used to assess the 

independent effects of culture (comparing freshly-isolated - 0 h - versus 24 h cultured 

independent of hormone treatment) and hormonal treatment (comparing caerulein or 

secretin treated cells versus untreated cells independent of culture time) as well as 

interactive effects of culture and hormonal treatment. Significant differences were 

denoted by p<O.05. 
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Results 

Effects of Culture 

There were significant independent effects of culture on cellular and media 

enzyme activities, as well as interactive effects of culture with hormonal treatment. In 

the caerulein studies, average cellular amylase, lipase, elastase, chymotrypsin and trypsin 

activities (Table 6) decreased over 24 h in culture (19%, p<O.OOOl; 380/0, p<0.04; 36%, 

p<O.OOOOl; 36%, p<O.OOOOl; 33%, p<O.OOOOl; respectively), but these decreases were 

due to changes in activities in caerulein treated cells after 24 h. In the control cells, 

amylase activity actually increased (12%; p<O.OOOOl) with time in culture, while that of 

lipase and chymotrypsin remained unchanged. Media amylase and lipase activities 

(Table 7), in general, increased (811%, p<O.OOOOl; 505%, p<O.OOOOl; respectively) 

over time in culture, but increased even more in caerulein treated cells. In the secretin 

studies, cellular activities decreased for amylase (19%; p<O.OOl), lipase (33%; 

p<0.002), chymotrypsin (24%; p<O.OOl), elastase (15%; p<0.02) and trypsin (15%, 

p<O.Ol; Table 9), while media activites increased for amylase (85%; p<O.OOOOl) and 

lipase (81%, p<O.OOOOl; Table 10) over time in culture. 

Culturing acinar cells also affected the synthesis of the digestive enzymes, 

although the effects of culture varied for some enzymes (lipase, procarboxypeptidase and 

elastase), among experiments. In the caerulein studies, the relative synthesis (Table 8) 

of amylase decreased significantly over 24 h (43%; p<0.0003), whereas that of elastase, 

chymotrypsin and trypsin significantly increased (46%, p<0.002; 181%, p<O.00002; and 

26%, p<0.006; respectively). The relative synthesis of lipase and procarboxypeptidase 

were not significantly changed over 24 h. In the secretin studies, the relative synthesis 



Table 6: EFFECfS OF CAERULEIN ON PANCREATIC EN2YME ACfMTIES IN CULTURED ACINAR CELLSl 

Cultured Cells 
Oh 24 h 

OnM 100 nM Caerulein OnM 100 nM Caerulein 

191.4 ± 12.3b 
(U/mg cellular protein)2 

Amylase 196.1 ± 13.0ab 216.7 ± 18.8a 97.8 ± 11.0c 

Lipase 13.15 ± 3.S3a 13.36 ± l.SSa 10.07 ± 3,4Sa 6.27 ± 2.42b 

Chymotrypsin 17.74 ± 1.9Sa 18.68 ± 1.83a 16.14 ± 1.6Sa 7.23 ± 2.98b 

Elastase 0.79 ± O.OSa 0.80 ± 0.04a 0.66 ± O.OSb 0.35 ± 0.04c 

Trypsin 1211 ± 142a 1199 ± 114ab 1020 ± 114b 582 ± 80.4c 

lCelIs were isolated from rats fed commercial unpurified diet and cultured 0 or 24 h in serum-free media with 0 or 100 nM 
caerulein. 

2yalues represent mean ± SEM of duplicate or quadruplicate samples from three experiments. 

abcyalues for each enzyme activity measured not sharing superscripts differed significantly (p<O.OS) when analyzed by 2-way 
ANOVA with LSD. There was a significant effect of culture; average cellular amylase, lipase, elastase, chymotrypsin and 
trypsin activities were significantly decreased from 0 to 24 h (p<0.004). Caerulein significantly decreased the cellular 
activities of amylase (55%; p<O.OOOOl), elastase (47%; p<O.OOOOl), chymotrypsin (55%; p<0.003) and trypsin (43%; 
p<0.002), and tended to decrease cellular lipase activity (38%; p<0.12). There was an interactive effect of culture and 
caerulein (p<0.002) for amylase, chymotrypsin, elastase and trypsin. 
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Table 7: EFFECTS OF CAERULEIN ON MEDIA ENZVME ACTMTIES SECRETED BY CULTURED ACINAR CELLSl 

Cultured Cells 
Oh 24h 

OnM 100 nM Caeruelin OnM 100 nM Caerulein 

(U/mVmg cellular protein)2 

Amylase 19.2 :!: 1.8Sc 15.7 :!: 1.63c 86.4 :!: 12.7b 196 :!: 19.0a 

Lipase 0.97 :!: 0.28c 0.70 :!: 0.29c 3.85 :!: 0.84b 4.59 :!: 0.23a 

lCells were isolated from rats fed commercial unpurified diet and cultured 0 or 24 h in serum-free media with 0 or 100 nM 
caerulein. 

2Yalues represent mean :!: SEM of six samples from one experiment. 

abcyalues for each enzyme activity measured not sharing superscripts differed significantly (p<O.OS) when analyzed by 2-way 
ANaYA with LSD. Media amylase and lipase activities significantly increased over 24 h in culture (p<O.OOOOl). Caerulein 
treatment significantly increased media amylase (227%; p<O.OOOOl) and lipase (16%; p<0.02) activities after 24 h in culture. 
There was a significant interactive effect of culture and caerulein (p<O.02) on each enzyme. 
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Table 8: EFFECTS OF CAERULEIN ON THE RELATIVE SYNTHESIS OF PANCREATIC ENlYMES BY CULTURED ACINAR 
CELLS 1 

Cultured Cells 

Oh 24h 
OnM 100 nM Caerulein OnM 100 nM Caerulein 

% Relative Synthesis2 

Amylase 19.8 ± 2.09a 23.9 ± 3.20a 13.5 ± 2.61b 11.9 ± 1.76b 

Lipase 2.50 ± 0.94 1.55 ± 0.48 2.00 ± 0.99 1.14 ± 0.43 

Procarboxypeptidase 7.63 ± 1.11 6.61 ± 1.10 6.33 ± 1.22 4.20 ± 0.62 

ChymotIypsin 24.4 ± 2.07b 22.6 ± 2.56b 36.1 ± 6.28a 48.4 ± 6.71a 

Elastase 2.06 ± 0.20b 2.69 ± O.04b 5.02 ± 1.08a 3.98 ± 0.6~ 

Trypsin 15.2 ± 1.02b 15.7 ± 1.71b 18.1 ± 3.04b 25.2 ± 2.54a 

ICells were isolated from rats fed commercial unpurified diet and cultured 0 or 24 h in serum-free medium with 0 or 100 nM 
caerulein. 

2Values represent mean ± SEM of duplicate samples from six experiments. 

abcyalues for each enzyme not sharing superscripts differed significantly (p<0.05) when analyzed by 2-way ANOVA with LSD. 
The relative synthesis of amylase decreased significantly over 24 h in culture (43%; p<0.0003), whereas that of elastase, 
chymotrypsin and tIypsin significantly increased (46%, p<0.002; 181%, p<0.0002; and 26%, p<O.006, respectively). 
Caerulein treatment significantly increased the relative synthesis of tIypsin (28%; p<O.048) and tended to increase that of 
chymotrypsin (25%; p<0.06). There was a significant interactive effect of culture and caerulein (p<O.05) on tIypsin relative 
synthesis. ..... ..... ..... 



Table 9: EFFECTS OF SECRETIN ON PANCREATIC ENzmE ACI1VITIES IN CULTURED ACINAR CELLSt 

Cultured Cells 

Oh 24h 
OnM 10 nM Secretin OnM 10 nM Secretin 

(U/mg cellular protein)2 

Amylase 208.2 ± 22.0a 212.7 ± 21.0a 171.3 ± 13.1 b 168.9 ± 13.0b 

Lipase 26.53 ± 4.64a 24.70 ± 4.74a 16.67 ± 3.4Sb 17.77 ± 3.21b 

Chymotrypsin 17.92 ± 1.82a 19.16 ± 2.1Sa 13.42 ± 1.89b 14.66 ± 2.21 b 

Elastase 0.70 ± 0.08a 0.72 ± 0.08a 0.60 ± 0.07b 0.60 ± 0.06b 

Trypsin 1161 ± 107a 1187 ± l1Sa 996.4 ± 122b 990.8 ± 101b 

tCells were isolated from rats fed commercial unpurified diet and cultured 0 or 24 h in serum-free media with 0 or 10 nM 
secretin. 

2yalues represent mean ± SEM of triplicate samples from three experiments. 

abyalues for each enzyme activity measured not sharing superscripts differed significantly (p<O.OS) when analyzed by 2-way 
ANOVA with LSD. There was s significant effect of culture on enzyme activities; average cellular amylase, lipase, 
chymotrypsin, elastase and trypsin activities were significantly decreased after 24 h in culture (p<0.02). Secretin did not 
affect the cellular activity of any of these enzymes. 
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Table 10: EFFECfS OF SECRETIN ON MEDIA ENZVME ACTMTIES SECRETED BY CULTURED ACINAR CELLS 1 

Amylase 

Lipase 

OnM 

14.6 ± 4.56b 

1.61 ± 0.27b 

Oh 

Cultured Cells 

10 nM Secretin OnM 

(U/rn1/mg cellular protein)2 

15.4 ± 4.49b 

1.60 ± 0.21b 

91.3 ± 20.2a 

B.17 ± 0.37a 

24h 
10 nM Secretin 

91.7 ± 13.0a 

B.76 ± 1.33a 

ICells were isolated from rats fed commercial unpurified diet and cultured 0 or 24 h in serum-free media with 0 or 10 nM 
secretin. 

2yalues represent mean ± SEM of triplicate samples from three experiments. 

abyalues for each enzyme activity measured not sharing superscripts differed significantly (p<0.05) when analyzed by 2-way 
ANOVA with LSD. Media amylase and lipase activities significantly increased over 24 h in culture (p<0.00001). Secretin did 
not affect amylase or lipase activity. 
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Table 11: EFFECfS OF SECRETIN ON THE RELATIVE SYNTHESIS OF PANCREATIC ENlYMES BY CULTURED ACINAR 
CELLS1 

Cultured Cells 

Oh 24h 
OnM 10 nM Secretin OnM 10 nM Secretin 

% Relative Synthesis2 

Amylase 18.2 ± 3.14a 13.9 ± 2.14a 10.8 ± 1.05b 10.3 ± 0.96b 

Lipase 2.42 ± 0.66a 1.62 ± 0.66a 1.02 ± 0.59b 1.20 ± 0.57b 

Procarboxypeptidase 7.87 ± 0.62a 6.67 ± 1.54a 3.43 ± 1.03b 4.72 ± 0.91b 

Chymotrypsin 23.4 ± 3.14b 29.2 ± 4.76b 34.0 ± 4.12a 34.9 ± 4.43a 

Elastase 3.30 ± 0.91 2.92 ± 0.55 3.38 ± 1.01 2.45 ± 0.76 

Trypsin 17.1 ± 1.65b 17.2 ± 2.42b 21.4 ± 3.16a 21.3 ± 2.87a 

ICells were isolated from rats fed commercial unpurified diets and cultured in serum-free media 0 or 24 h with 0 or 10 nM 
secretin. 

2Values represent mean ± SEM of duplicate samples from three experiments. 

abyalues for each enzyme not sharing superscripts differed significantly (p<0.05) when analyzed by 2-way ANOVA with LSD. 
The relative synthesis of amylase, lipase and procarboxypeptidase were significantly decreased over time in culture (34%, 
p<0.002; 45%, p<0.05; 43%, p<O.OOI, respectively), whereas the relative synthesis of chymotrypsin and trypsin were 
significantly increased over 24 h (24%, p<0.02; 20%, p<0.04, respectively). 

.... .... 
~ 
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(Table 11) of amylase, again, significantly decreased over time in culture (34%; 

p<O.002), as did that of lipase and pro carboxypeptidase (45%, p<0.05; 44%, p<O.OO1; 

respectively). Chymotrypsin and trypsin relative synthesis, again, increased (24%, 

p<O.02; 20%, p<0.04, respectively), whereas that of elastase did not change over 24 h. 

Effects of Caerulein and Secretin 

Caerulein affected enzyme content, secretion and synthesis after 24 h of 

treatment, but had no acute effects. Caerulein, after 24 h, significantly decreased the 

cellular activities (Table 6) of amylase (55%; p<O.OOOOl), elastase (47%; p<O.OOOOl), 

chymotrypsin (55%; p<O.003) and trypsin (43%; p<0.002), and tended to decrease 

cellular lipase activity (38%; p<0.12). It, concomitantly, increased media (Table 7) 

amylase (227%; p<O.OOOOl) and lipase (16%; p<O.02) activities compared to 

curnrnulative basal secretion by untreated cells. 

Caerulein also significantly increased the relative synthesis (Table 8) of trypsin 

(39%; p<O.048) and tended to increase that of chymotrypsin (34%; p<0.06). Caerulein 

did not, however, significantly affect the relative synthesis of amylase, lipase, elastase or 

procarboxypeptidase, compared to untreated cells. 

Secretin, on the other hand, did not affect, either acutely or after 24 h, the 

cellular activity (Table 9), media activity (Table 10) or relative synthesis (Table 11) of 

any pancreatic enzyme evaluated. 
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Discussion 

There were significant independent effects of culture on pancreatic enzyme 

content, secretion and synthesis of untreated acinar cells, some of which varied between 

experiments. In both the caerulein and secretin studies, the cellular activities of elastase 

and trypsin decreased slightly (14-16%). However, the cellular activity of amylase 

slightly increased (12%) in the caerulein studies, but decreased (17%) in the secretin 

studies. Also variable between experiments were the cellular activities of lipase and 

chymotrypsin which were unchanged in the caerulein studies, but decreased in the 

secretin studies (37% and 25%, respectively). A decrease in total protein content (30%) 

over 24 h in culture has been shown in previous in vitro studies (224) using cultured 

mouse pancreatic acinar cells, but changes in individual enzyme content were not 

examined. 

Perhaps the differences in cellular amylase, lipase and chymotrypsin activities 

over time in culture were a function of their basal secretion rates that varied somewhat 

between studies. In the secretin studies, the media activities of amylase and lipase 

increased 6.3- and 5-fold, respectively, over 24 h in culture compared to 4.5- and 4-fold, 

respectively, in the caerulein studies. Therefore, the higher basal secretion seen in the 

secretin studies may account for the greater decrease in cellular content over 24 h, if 

total enzyme synthesis was similar in both studies. The same may also be true for 

chymotrypsin, but the unavailability of media activity data for the proteases makes it 

difficult to determine. 

There were also changes in enzyme relative synthesis over time in culture. 

Amylase relative synthesis decreased and that of chymottypsin and trypsin increased over 

.... ----.----
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time in culture in both secretin and caerulein studies for reasons not yet detennined. 

Previous studies using this in vitro system (227) also found a decrease in amylase 

relative synthesis after 24 h in culture. Although a different method (affinity 

adsorption) for the measurement of relative synthesis was used, the range of amylase 

relative synthesis was similar to that obtained in these studies (6-17% compared to 10-

23%). Although variable among experiments, lipase and procarboxypeptidase relative 

synthesis decreased slightly over time in only the secretin studies and elastase relative 

synthesis increased in only the caerulein studies. Why the effects of culture would vary 

between the two studies, or occur at all, is not clear, but may reflect variability among 

cell isolations and altered regulation of synthesis under these culture conditions. 

One other condition in which a similar shift in the pattern of enzyme relative 

synthesis is seen is in rats fed a protein-free diet (163); amylase relative synthesis 

decreases while that of the anionic proteases increase. Presumably, neither the rats in 

vivo nor the cells in culture lack essential amino acids because prior to acinar cell 

isolation, rats were fed a standard rodent diet containing 24% crude protein and the 

media contained an ample supply of all essential amino acids. Whether the availability 

or utilization of media amino acids by cultured acinar cells in altered is unknown, but 

we have previously shown that the specific activity of the intracellular phenylalanine 

pool decreases (54%) in acinar cells cultured 48 h (225), suggesting that altered amino 

acid uptake and utilization may occur in cultured acinar cells. Future studies need to 

examine how culture conditions affect amino acid utilization. Clearly, however, cultured 

acinar cells continued to synthesize the major digestive enzymes, but in different relative 

proportions. Additionally, factors regulating the synthesis of the different enzymes could 



be missing or inadequate in this defined culture medium which contains only 

dexamethasone, albumin and epidermal growth factor. 
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Even though these cells are secretagogue-responsive, secretin had no effect on 

enzyme content or secretion after 24 h. In previous studies (25), however, the 

concentration of secretin used (10nM) promoted significant secretory affects at 12 h. 

Therefore, the maximal secretory effects of secretin may occur before 24 h and may not 

persist over time in culture. These studies examined the effects of secretin on enzyme 

synthesis at 24 h because this was a time period during which secretin affected enzyme 

synthesis in vivo (194). However, because secretin had no affect on the relative 

synthesis of any enzyme measured, these studies do not support its proposed role in the 

regulation of pancreatic lipase (194). 

Caerulein exerted effects, independent of culture time, on enzyme content, 

secretion and relative synthesis. It further stimulated acinar cell secretion of amylase 

and lipase, and concomitantly decreased their cellular content. This may be a general 

effect on all enzymes, since the cellular activities of elastase, chymotrypsin and trypsin 

also decreased with caerulein treatment; however, their media activities could not be 

measured because the cellular media contained STI. A general, in vivo, effect of CCK 

injection or infusion on pancreatic enzyme secretion has been reported in the past 

(29,265). 

Besides its general effect on acinar cell secretion, caerulein specifically increased 

the relative synthesis of trypsin and chymotrypsin, supporting its proposed role in 

protease regulation in response to dietary protein (198). The magnitude of change in 

synthesis of the proteases in vitro (34-39%) was less than that seen in previous in vivo 
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infusion studies (2-3 fold; 204,205) using the same period of honnonal treatment. It is 

difficult to determine the exact concentration of caerulein that the acinar cells are 

exposed to in in vivo infusion studies using 0.25 JLg/kglh. However, via calculations 

based on average weight and blood volume of the rats used, we estimated that the 

concentration of caerulein (100 nM) present in the cell media during our studies was 

similar to, or slightly greater than, levels to which acinar cells were potentially exposed. 

Therefore, it may be that higher concentrations of caerulein are required to stimulate 

similar changes in enzyme synthesis in dispersed acinar cells. The same may be true for 

enzyme secretion because the secretory effects stimulated in acinar cells were also 

smaller than those seen in perfused pancreas or dissected lobules (5-8 fold compared to 

8-20 fold; 214,215). This phenomenon of decreased responsiveness by dispersed acinar 

cells to secretagogues has been described previously (214,215), and attributed to 

disruption of cell-to-cell communication and membrane structure associated with the 

dispersal of individual acinar cells. 

In addition to these effects of caerulein on enzyme synthesis by cultured rat 

acinar cells, CCK also affects the growth of mouse acinar cells in culture. Rat acinar 

cells in this model system, however, do not grow in culture, thus such effects were not 

observed in our studies (223,225). In vitro, caerulein and CCK-8 increase by 3-fold the 

incorporation of 3H-thymidine into DNA by cultured mouse acinar cells (208). These in 

vitro effects of CCK support its role in pancreatic growth which may involve the 

induction of ornithine decarboxylase (ODC), an enzyme needed for the biosynthesis of 

polyamines (200). The polyamines putrescine, spennidine and spermine are involved in 

DNA, RNA and protein synthesis and are, therefore, thought to be linked to the 
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regulation of cell growth and proliferation (201). The CCK-stimulated increase in 

pancreatic DNA content is associated with an increase in polyamine content (266) and 

immunoreactivity (202). Furthermore, in vivo infusion of CCK-8 or endogenous 

stimulation of plasma CCK (via S11 infusion) lead to increased ODC mRNA levels 

(197,267), which provide further support for a role of CCK in pancreatic cell growth. 

Despite differences between these two in vitro culture systems, both support a direct role 

of CCK in pancreatic regulation. 

Of note, the enzymatic content of cultured acinar cells does not reflect solely the 

synthetic rates of the enzymes, as is seen in vivo (163). There were two distinct patterns 

of association between content and synthesis among the enzymes evaluated, that of the 

proteases and that of amylase and lipase. The cellular activity of trypsin decreased over 

24 h in culture even though its relative synthesis increased, leading to a negative, linear 

correlation of trypsin content and its relative synthesis (Figure 9). A similar pattern was 

seen with chymotrypsin and elastase. Both in this study and a previous one (227), 

however, the cellular content of amylase increased with increasing relative synthesis; but 

the results from this study revealed that this relationship reached a plateau at 12-14% 

relative synthesis, after which a continued increase in amylase relative synthesis was not 

associated with an increase in amylase content (Figure 10). For amylase, in contrast to 

trypsin, synthesis decreased over time in culture, while content decreased even more. 

The relationship of lipase content and synthesis was similar to that of amylase. Clearly, 

other factors besides synthesis also affect enzymatic content; secretion, which may be 

altered in cultured acinar cells, could influence enzyme content. In fact, disruption of 

gap junctions in acini, as occurs upon dispersal of individual acinar cells, causes a two-
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Cellular tIypsin activity (U/mg protein; from Tables 1 & 4) was analyzed as a 
function of tIypsin relative synthesis (%; from Tables 3 & 6) by linear regression analysis 
(31). Values represent mean ± SEM from cells isolated from rats fed commercial rodent 
diet and treated with caerulein, secretin or no hormone. (y = 2122.80 - 57.12x; R = 
0.938) 
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Cellular amylase activity (U/mg protein; from Tables 1 & 4 and Ref. 21) was 
analyzed as a function of amylase relative synthesis (%; from Tables 3 & 6 and Ref. 21) 
by curve-fitt:iBg regression analysis (31). Values represent mean ± SEM from cells 
iS,olated from rats fed commercial rodent diet (e) and treated with caerulein, secretin or 
no hormone"or from rats fed a high carbohydrate (II) or high fat (A) diet. (y = -223.24 
+ 60.21x - 2.73r + 0.039x3; R = 0.529) 

'._, ,------------_..------ -' -
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fold increase in basal secretion (216,217). If such an increase in basal secretion 

persisted in cultured cells, then enzymatic content would reflect the combined effects of 

altered synthesis and secretion in culture. In the case of trypsin and the other proteases, 

a possible increased secretion by these acinar cells in vitro, exceeding even their 

increased rates of synthesis, could lead to decreases in cellular content, as was found. 

The larger and more rapid decreases of amylase and lipase content upon culture may 

result from the combined effects of decreased synthesis and possible increased secretion; 

only when synthetic rates exceed secretion would enzyme content increase. However, 

there seems to be a threshold for amylase and lipase but not the proteses, after which 

synthetic rate does not lead to increased content. Why this plateau would occur is 

unknown, but further studies examining enzyme secretion, as well as degradation, are 

needed to elucidate these relationships among pancreatic enzyme content, secretion and 

synthesis in vitro. 

These studies have shown a direct role of caerulein in the regulation of 

pancreatic protease synthesis, supporting its role in pancreatic adaptation to dietary 

protein. However, a direct role of secretin in lipase regulation has not been 

demonstrated in these studies. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The long-range goal of this dissertation research was to evaluate the proposed 

mediator(s) of pancreatic adaptation to dietcuy substrates, which had been identified in 

previous in vivo studies, using a long-term, in vitro cell system. Both ketones, 

intermediates in triglyceride metabolism, and the gastrointestinal hormone, secretin, are 

proposed to mediate the pancreatic adaptation to dietcuy fat. The effects of ketones 

(8(OH)-butyrate), alone and in conjunction with antecedent diet and media glucose, on 

pancreatic lipase cellular activitiy were examined in cultured acinar cells. The effects of 

secretin, and its interaction with CCK, on pancreatic lipase, as well as other digestive 

enzymes, cellular activity, secretion and synthesis were also examined in vitro. Another 

gastrointestinal hormone, CCK, is thought to regulate pancreatic adaptation to dietary 

protein and, possibly, carbohydrate. Therefore, in vitro effects of caerulein (a CCK 

analogue) on the panceatic proteases, amylase, and other digestive enzyme activities, 

secretion and synthesis were determined. 

Beta-(OH)-butyrate significantly increased lipase activity only in acinar cells 

isolated from rats fed purified LF diet, where circulating levels of ketones are typically 

low. In contrast, additional/3(OH)-butyrate had no effect on cells isolated from rats fed 

purified HF diet, where blood ketones and lipase synthesis are endogenously elevated. 
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Other factors may influence the effects of ketones, because P(OH)-butyrate did not affect 

lipase activity in cells isolated from rats fed low-fat commercial, non-purified diet even 

when cultured in low-glucose media to increase ketone utilization. The fiber and 

protein compositions differed greatly between the purified and non-purified diets and 

may have influenced the adaptive response of pancreatic lipase. However, lipase 

synthesis was not measured in any of these cells, and enzyme synthesis does not 

necessarily parallel cellular activity in vitro. Therefore, it is difficult to draw conclusions 

about the exact effects of ketones on lipase regulation. Perhaps lipase synthesis is 

elevated in rats fed both types of low-fat diet, but the lipase secretion is higher in rats 

fed a commercial, non-purified diet. Although it appears that ketones are involved in 

pancreatic lipase regulation, their role is still unclear. Future studies need to evaluate 

the effects of ketones on lipase synthesis and mRNA. Ketones may also act in 

conjunction with other metabolites such as free fatty acids, which are also elevated in 

conditions where lipase is enhanced (diabetes, starvation, high-fat feeding) or glucose 

which is low when ketones are elevated. Further, ketones may also interact with the 

hormone secretin, which is elevated upon intra duodenal infusion of fat or fatty acids. 

Thus, the role of ketones as a mediator of pancreatic adaptation to dietary fat is 

supported by the present results from in vitro studies, but appears to be more complex, 

and possibly interactive, than initially proposed from results in vivo. 

Secretin treatment of acinar cells in vitro did not affect lipase activity or 

synthesis, although it did increase lipase secretion. These results indicate that secretin, 

alone, does not regulate pancreatic lipase. This conclusion is also supported by recent in 

vivo studies in which infused secretin does not alter lipase mRNA. Coupled, the results 

--- - --- ------ -- -
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from in vivo and in vitro raise doubt about the role of secretin as the mediator of 

pancreatic adaptation to fat because dietary fat increases both lipase synthesis and 

mRNA. Rather, secretin may interact with other factors in vivo to influence pancreatic 

lipase. Its interactive effects with ketones and fatty acids on lipase activity, synthesis and 

secretion should be examined in order to detennine the direct mediator(s) and 

mechanisms of pancreatic adaptation to dietary fat. 

Although the exact regulator(s) of pancreatic lipase in response to dietary fat 

remains unknown, the studies contained herein support the proposed role of CCK as the 

mediator of pancreatic adaptation to dietary protein. In vitro caerulein treatment of 

pancreatic acinar cells specifically increased the relative synthesis of trypsin and 

chymotrypsin. Further support comes from recent in vivo studies using a CCK-receptor 

antagonist which showed that CCK acts directly on acinar cells to increase protease 

mRNA levels (259). Combined these in vitro and in vivo results indicate that CCK, itself, 

mediates the increase in protease activity, synthesis and mRNA levels associated with 

consumption of high-protein diets. 

Pancreatic adaptation to dietary protein is initiated by the actions of CCK

releasing peptide in the duodenum to stimulate the secretion of CCK, which then exerts 

its affects on the pancreas. Duodenally-infused soybean trypsin inhibitor increases 

plasma CCK levels and pancreatic protease mRNA levels. Still unknown is whether CCK 

increases protease mRNA production or decreases its degradation. Also unknown is 

whether CCK is internalized by the acinar cell to cause its effects or whether it is acting 

via second messengers within the acinar cell. 
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In vitro, caerulein also increased the media activities of amylase and lipase and 

concomitantly decreased their cellular activities. TIlls may be a general effect of 

caerulein on all digestive enzymes because all cellular activities were decreased with 

caerulein treatment. However, because media data were unavailable for the proteases, a 

general conclusion cannot be made. 

Caerulein did not, however, affect pancreatic amylase synthesis. Therefore, these 

results do not support a role of CCK in pancreatic adaptation to dietary carbohydrate. 

The effects of insulin, glucose and glucocorticoids on amylase activity, synthesis and 

mRNA levels in vitro need to be examined to elucidate the mechanism(s) of pancreatic 

amylase regulation. 

In summary, CCK mediates directly pancreatic adaptation to dietary protein, but 

not dietary carbohydrate. The mediators of adaptation to dietary fat remain to be 

identified, but appear to include ketones, which playa complex, but perhaps limited, 

role. 

----- -. __ ._._------ -- ._-_ .. -.-._-



APPENDIX A 

Table A.1: COMPOSITION OF PURIFIED DIETS 

Fat (% kcal) 

Component 

Casein 

DL-Methionine 

Vitamins2 

Choline Bitartrate 

Cellulose 

Cornstarch 

1 AIN Mineral Mixture-76 
2AIN Vitamin Mixture-76 
3Corn Oil 

LF 

11 

20.0 

0.3 

3.5 

1.0 

0.2 

5.0 

5.0 

65.0 
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Diet 

HF 

67 

% Weight 

20.0 

0.3 

3.5 

1.0 

0.2 

34.8 

28.9 

11.3 
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APPENDIX B 

VALIDATION OF 1WO-DIMENSIONAL GEL ELECTROPHORESIS TECHNIQUE 

Two-dimensional (2D) gel electrophoresis, a procedure which separates proteins 

according to their isoelectric point and molecular weight, was simultaneously developed 

by Scheele and O'Farrell (263,268). This technique has subsequently been used by many 

laboratories and is used in the studies described herein to separate pancreatic digestive 

enzymes to determine their relative synthesis in cultured acinar cells. Given that the 

digestive enzymes (approximately 20 individual proteins) account for 96-97% of the 

total acinar protein (269), 2D-gel electrophoresis is an effective means of separating 

these proteins for analysis of radiolabeled amino acid incorporation and relative 

synthesis. 

Individual exocrine pancreatic proteins separated by 2D gel electrophoresis have 

been identified and characterized by a number of investigators. Scheele and colleagues 

used two different methods of protein identification to do so. In one instance, proteins 

were identified according to the position of enzyme activities in the first-dimensional gel 

and considerations of molecular weight based on commercially available pancreatic 

proteins in the second dimension (263). Exocrine proteins were also identified by 

visualization in the second-dimensional gel with a procedure that avoids chemical 

fixatives, subsequent elution, renaturation and measurement of biological activity (269). 
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Using this second procedure, Scheele and coworkers identified the majority of pancreatic 

exocrine proteins separated by the 20 gel technique. This latter method of protein 

identification (described below) was used to verify the positions of the major digestive 

enzymes separated by a modification of Scheele's 20 gel electrophoresis technique used 

in the studies described herein. 

Acinar cells were isolated by the method of Brannon and coworkers (223,225) 

described previously, and sonicated in deionized water. Total acinar cell protein (300-

500 p.g) was then subjected to isoelectric focusing ClEF) in 4% polyacrylamide in the 

presence of 1.0% pH 4-6, 1.0% pH 5-8, 1.0% pH 9-11, 2.5% pH 3.5-10 Ampholines, 9.0 

M urea and 0.28 M sucrose. The resulting IEF tube gels (PH gradient 3.5-9) were 

soaked for 5 min in 62.5 mM Tris buffer, pH 6.8, containing 0.1 % SOS and 0.01 % 

bromophenol blue dye. Proteins were then separated by molecular weight in a 10-20% 

polyacrylamide gradient gel containing 0.1 % SOS in the second dimension. Resulting 

slab gels were then soaked for 1 h in a fixative solution containing 100 mM Tris buffer, 

pH 9.0, and 5% glycerol. The second dimension gels were then stained with 0.3% 

coomassie blue G dye in the same Tris buffer for 6 h, shaking at room temperature. 

Subsequent destaining for 3-4 h was also accomplished in Tris buffer, pH 9.0, with 5% 

glycerol. The resulting protein spots were excised from the gels with a scalpel and 

homogenized for 10 sec in 1.0 ml of 100 mM Tris buffer, pH 8.0, containing 100 mM 

KCI, 0.1 mM CaCI2• 100 p.g!ml BSA and 1% Triton X-100. Proteins in the homogenized 

gel spots were then eluded by shaking overnight at 4° C. The samples were then 

centrifuged at 3000 rpm at 4° C for 10 min, and enzymatic assays were performed on 



the resulting supernatants. All protein spots were assayed for each of the following 

enzymatic activities: amylase, lipase, trypsin, chymotrypsin and elastase. 
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The positions of amylase, lipase and trypsin in the second dimension slab gels 

(Figure B.1) were verified by enzymatic activities (Table B.1) and were in agreement 

with previous studies (263,269). The positions of chymotrypsin and elastase could not 

be verified by measurement of biological activity because of the low concentrations in 

the slab gels relative to the sensitivity of the enzyme assays. Therefore, the positions of 

these enzymes and procarboxypeptidase, for which no assay is established in our lab, 

were identified by molecular weight and isoelectric point, as previously established by 

Scheele and coworkers (263,269) and Schick and coworkers (205). To determine the 

pH gradient in the first dimensional isoelectric focusing gels, tube gels were cut into 5 

mm pieces, and 2.0 ml of DjH20 was added to each. The pieces were shaken overnight 

at room temperature, and the pH of the individual solutions was subsequently measured. 

The resulting pH gradient was used to determine the isoelectric point of protein spots. 

The molecular weights of protein spots were determined by plotting their distance 

migrated in a second dimensional slab gel on a linear graph of the distance migrated of 

standards with known molecular weights versus the log of their molecular weights. 
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Figure B.1: SEPARATION OF PANCREATIC ACINAR CELL PROTEINS BY 2D GEL 
ELECTROPHORESIS 
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Acinar cells were isolated from Sprague-Dawley rats and sonicated in deionized 
water. Soluble proteins were esparated in the frist dimension by IEF and in the second 
dimension by SDS gel electrophoresis using a 10-20% acrylamide gradient. Protein spots 
were stained with Coomassie Blue dye and are identified in the figure by abbreviations 
described in Table 1.B. 



Table B.1: PANCREATIC ACINAR CELL PROTEINS OF SPRAGUE-DAWLEY RATS 

BIOLOGICAL ACI1VI1Y 

Label (Pro)Enzyme IEpt Mr Amylase Lipase Trypsin Chytnottypsin 

Al Amylase 1 8.0 52,000 + 
~ Amylase 2 8.5 52,000 + 
A3 Amylase 3 8.8 52,000 + 
L Lipase 7.0 49,500 + 
T Trypsinogen 4.3 20,500 + 
C Chytnottypsinogen 4.6 25,500 
PE Proelastase 4.8 27,000 
PC A Procarboxypeptidase A 4.8 44,500 
PC B Procarboxypeptidase B 4.9 43,500 
1a-d Unidentified 4.4- 52,500-

5.8 77,000 
2 Unidentified 6.0 52,000 
3 Unidentified 5.9 50,000 
4 Unidentified 5.0 14,000 
5 Unidentified 8.6 21,000 
6 Unidentified 6.6 49,500 
7 Unidentified 8.5 41,000 

t Estimated isoelectric point 
2Estimated molecular weight 

Elastase 

.... 
w 
w 
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review attached. 

) Will be reviewed within the next 60 days and verification of 
review will be submitted. 

" 

~~~ Laurel L. Wilkening 
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