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ABSTRACT 

Mn may regulate pancreatic exocrine function. In 

this study, the effects of dietary Mn-deficiency on 

pancreatic digestive enzymes were examined. Weanling rats 

were fed a purified diet containing 1 ppm Mn (Mn-def) or 40 

ppm Mn (control). Rats were killed at 1, 2,- 4, 6 and 8 

weeks; and pancreatic homogenates were analyzed for DNA, 

protein, amylase, lipase, chymotrypsin and trypsin. In Mn-

def rats, pancreatic and liver Mn declined rapidly to 44% 

and 24% of control values at 8 weeks. Amylase-activity 

steadily increased in Mn-def rats to 198% of controls at 8 

weeks. Lipase-activity in Mn-def rats decreased at 1 week 

then increased at 8 weeks. Proteolytic activities were not 

affected by Mn-deficiency. Repletion of Mn-def rats with Mn 

restored tissue Mn and lipase levels to control values, but 

did not reverse the elevated amylase. Mn-supplementation of 

cultured acinar cells decreased amylase-content. These 

results support a regulatory role of Mn in the exocrine 

pancreas. 

viii 



INTRODUCTION 

The pancreas, one of the most metabolically active 

organs of the body, functions as both an endocrine and 

exocrine gland. The endocrine functions include regulation 

of circulating glucose levels by the actions of insulin and 

glucagon. The exocrine functions are directed toward the 

production of digestive enzymes and fluids and their secre

tion into the intestinal lumen. The pancreas produces 

enzymes to hydrolyze all major classes of nutrients: amy

lase for starch, lipase for triglycerides and several pro

teases for proteins. In addition, the pancreas synthesizes 
/ 

ribonucleases and phospholipases that hydrolyze ribonucleic 

acids and phospholipids, which are usually minor consti

tuents of the diet. 

The cells which produce and secrete the digestive 

enzymes are called acinar cells. They synthesize proteins 

at a high rate, most of which are prepared for export. The 

newly synthesized proteins are modified and packaged in 

membrane-bound granules, which allow protection of the aci

nar cells from damage by their own products. The enzymes 

are stored and released upon stimulation by a variety of 

secretagogues. The processes of synthesis and secretion are 

1 
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regulated by a variety of nervous and hormonal stimuli in an 

exceedingly complex manner. Pancreatic acinar cells have 

served as models for secretion in many studies. 

The relative proportion of digestive enzymes 

secreted by the pancreas varies in response to dietary mani

pulation. Amylase increases with a high carbohydrate diet; 

lipase increases with a high fat diet; and proteases 

increase with a high protein diet. These adaptations are 

advantageous enabling the animal to make full use of a 

variety of diets, but the complete mechanisms of adaptation 

are unknown. 

The essential trace mineral, manganese, may play a 

regulatory role in the pancreas, where it is found in high 

concentrations. Mn deficiency affects the endocrine func

tions of the pancreas in vivo. In addition, dietary Mn defi

ciency alters the morphology of the acinar cell, 

disorganizing the rough endoplasmic reticulum and Golgi 

apparatus. In vitro, Mn enhances protein synthesis in short 

term preparations of acinar cells for Mn-replete animals, 

especially those from diabetic animals. The effects of 

dietary Mn depletion on the exocrine pancreas have not been 

investigated in the whole animal. If Mn plays a regulatory 

role in the exocrine pancreas, dietary deficiency of Mn 

could alter pancreatic exocrine function. 



3 

The present study was undertaken to investigate the • 

effects of dietary manganese deficiency on the exocrine 

pancreas, by examining pancreatic enzyme content in vivo in 

Mn deficient and replete rats. In addition, the effects of 

Mn on enzyme content were examined in cultured acinar cells 

isolated from Mn deficient and replete animals. The data 

from these studies will further elucidate the physiological 

role of Mn in the exocrine pancreas. 



LITERATURE REVIEW 

Structure and Function of the Exocrine Pancreas 

The pancreas is-a unique organ, functioning both as 

a central endocrine and major exocrine gland. The endocrine 

cells secrete insulin, glucagon, somatostatin, and 

pancreatic peptide (PP) into the blood and are arranged in 

islets surrounded by the much greater mass of exocrine 

tissue. The exocrine pancreas consists of acinar, 

centroacinar, and ductal cells. The acinar cells, composing 

957o of the pancreas (1), are large wedge-shaped cells. 

Acinar cells are arranged in groups of up to 10 cells 

called acini, which surround a duct. Acini function as 

units, via tight junctions, to produce and secrete upon sti

mulation by secretagogues about 20 digestive enzymes. These 

enzymes are listed in Table 1. The enzymes travel via the 

pancreatic and common ducts to the duodenum, where they 

catalyze the hydrolysis of all major dietary components. 

Centroacinar and ductal cells complement the actions of the 

acini. In response to secretagogues, these cells release 

fluid and bicarbonate to adjust the duodenal contents to 

optimum pH and volume. 

Each acinar cell contains copious endoplasmic 

reticulum nearly filling the basal part of the cell. The 
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Table 1. Typical Enzyme Composition of 

Guinea Pig Pancreas* 

Enzyme 

Enzyme 
Classification 
Number (E.C.) Mol. Wt., 

% Total 
ZG 

Enzymes 

Ribonuclease 2.7.7.16 13,000 1.1 

Trypsin(ogen) 3.4.4.4 25,000 33.0 

Chymotrypsin(ogen) 3.4.4.5 26,000 18.8 
(2 isozymes) 

(Pro)elastase 3.4.4.7 28,000 8.0 

(Pro)carboxypeptidases 3.4.2.1 45,000 21.1 
(3 isozymes) 

-Amylase 3.2.1.1 52,000 3.6 
(2 isozymes) 

Lipase 3.1.1.3 55,000 11.9 

Unidentified 2.5 

^Adapted from Scheele (2) 
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digestive enzymes are synthesized here in pre-pro-enzyme 

form with a leading sequence of 20-30 amino acids, called 

the signal or transport peptide (2). This sequence may 

function to direct the nascent protein into the cisternal 

space of the rough endoplasmic reticulum, rather than into 

the cytosol, for eventual packaging for export (3). The 

transport peptide is cleaved inside the cisternal space. 

The protein moves, always enclosed by a membrane, into the 

Golgi apparatus where sulfonations and glycosylations may 

take place. The pro-enzymes are packaged initially in con

densing vacuoles, which mature into typical spherical, 

electron dense particles called zymogen granules (ZG). The 

ZG's gradually are propelled toward the apex of the cell in 

an energy-dependent process (3). Upon appropriate hormonal 

or neural stimulation, the ZG membrane fuses with the apical 

plasma membrane, and the ZG contents are released into the 

duct. This sequence of events has been elucidated in the 

classic work of Palade (4,5) using electron microscopy and 

radio-labeled amino acids to follow the synthesis and intra

cellular transport of the proteins. 

Many enzymes are synthesized in inactive forms 

(zymogens), in order to protect the acinar cell from auto-

digestion. Zymogens are usually activated by proteolytic 

cleavage in the gut. The intestinal enzyme enteropeptidase 
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activates trypsinogen; and trypsin activates itself, chy-

motrypsin, and the carboxypeptidases. In contrast, amylase 

is secreted in active form, while lipase requires a cofactor 

rather than covalent modification for activity (6). 

Pancreatic enzyme secretion increases 5-fold from 

basal rates within minutes after stimulation by a wide range 

of secretagogues, some of which are listed in Table 2. 

Acetylcholine (ACh), produced by vagal stimulation,.and 

cholecystokinin (CCK), secreted in response to peptides and 

lipids in the gut, are the chief pancreatic secretagogues. 

Secretin, produced by S cells in the gut in response to 

acid, increases secretion of bicarbonate and fluid from the 

duct cells, but also potentiates the action of CCK in acinar 

cells (6). 

The relative proportions of the enzymes in the ZG 

varies among species, and also in response to diet (see 

below). According to the hypothesis of Palade (7), all ZG's 

in a cell contain about the same proportions of the dif

ferent enzymes , and essentially all secretion is via ZG's. 

Changes in relative enzyme content are assumed to be due to 

differences in rates of synthesis. Rothman (8,9) has pro

posed an alternative hypothesis: that some zymogens are 

secreted via ZG's and some directly through cytosol. 

Changes in proportions can be explained by differences in 

secretion via the two routes. Recently, Adelson and Miller 
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(10) have proposed a resolution to this dispute, based on 

their observation that different secretagogues elicit dif

ferent proportions of enzymes. They propose that all secre

tion occurs via ZG's, but that different cells may contain 

ZG's of different composition and that individual cells may 

respond to the same secretagogue with varying intensity (10). 

Evidence for heterogeneity of acinar cell function and 

response to secretagogues, however, is weak. The hypothesis 

of Palade (7), parallel secretion of all digestive enzymes 

from all acini, continues to be accepted by the majority of 

scientists in the field. 

Adaptation of the Exocrine Pancreas to Diet 

Pancreatic production of digestive enzymes is nor

mally more than adequate for rapid hydrolysis of dietary 

constituents (6). In addition, many mammals are capable of 

varying the proportions of digestive enzymes secreted upon 

dietary changes. The mechanisms of this adaptation are 

unknown, but are the subject of several hypotheses. 

Amylase 

Pancreatic amylase, responsible for hydrolyzing 

o<-l,4 glucoside linkages and initiating the digestion of 

starch, has received the most attention concerning the 

mechanism of its adaptation to dietary changes since 

Grossman's work in 1943 (11). Switching rats from a high 
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protein, low carbohydrate diet to a low protein, high car

bohydrate diet causes a 5-fold increase in amylase activity 

and concomitant decrease in proteases. The opposite dietary 

change evokes an opposite response. Maximal changes are 

seen within 8 days. Grossman's observations have been con

firmed in the rat (12-14), dog (15) and pig (16). The 

actual synthetic rate for amylase can show an 8-fold 

increase in response to diet (17), but the tissue levels 

only show a 3 to 5 fold change (18). Intracellular degrada

tion rates may also be affected. The change in amylase can 

be affected by many carbohydrates; some workers report simi

lar effects from all dietary sources (11, 19) while others 

report glucose to be the most potent stimulus (20). Glucose 

is effective via oral, intraperitoneal, and intravenous 

routes (21) , but acts rapidly (within 5 minutes) when given 

intraduodenally (22) . If the dietary protein source is an 

incomplete one such as zein, however, amylase production in 

response to dietary carbohydrate is decreased (2 6). 

Physiological or pathophysiological conditions can 

also affect the production of amylase. Fasting reduces pro

duction of amylase and other digestive enzymes (23-25). 

Hypophysectomy also suppresses amylase synthesis (26). 

Diabetes lowers pancreatic amylase content by 10-fold to 

100-fold, and the effect is reversible with insulin treat

ment (26,27). In addition, the rate of synthesis of amylase 



10 

(27) and amylase m-RNA levels (28) are decreased in diabetes 

and restored by insulin. 

Insulin has been proposed as the messenger causing 

increased amylase production in response to increased 

dietary carbohydrate (1). The anatomical arrangement of the 

pancreas supports this hypothesis because acini are bathed 

in blood directly from islets, and acini see insulin con

centrations up to 30-fold higher than peripheral circulation 

(28). Acini immediately adjacent to islets are larger, have 

more ZG's and synthesize protein at a faster rate than more 

distant acini (30). In addition, acinar cells from normal 

rats respond to insulin in culture with increased amylase 

content and secretion (33). 

Experiments with rats made diabetic with strep-

tozotocin or alloxan have supported a role for insulin in 

amylase gene expression. Amylase mRNA increases in response 

to insulin treatment in these animals. (28). In diabetic 

rats fed high fat diets, however, amylase-activity is not 

increased by insulin (29). Therefore, both dietary carbo

hydrate and insulin are required for amylase gene expression 

in diabetic animals. In normal animals, evidence is even 

stronger that insulin may not be the sole regulator of amy

lase. In vivo, exogenous insulin administration either 

decreases (12,13) or does not alter (17,35) amylase acti

vity. In summary, the role of insulin in amylase regulation 
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is more clearly established in diabetic than in normal ani

mals. The complete mechanism of amylase regulation remains 

unknown. 

Proteases 

Pancreatic proteases (listed in Table 1) with the 

exception of the carboxypeptidases are endopeptidases, 

hydrolyzing internal peptide bonds. Trypsin preferentially 

hydrolyzes bonds with lysine and arginine in the carboxy 

positions; the resulting fragments are substrates for car-

boxypeptidase B. Chymotrypsin and elastase hydrolyze bonds 

with aromatic or nonpolar amino acid groups in the carboxy 

position; these fragments are substrates for carboxypep-

tidase A. Intestinal dipeptidases and aminopeptidases 

complete the hydrolysis of proteins. (1,36) 

As Grossman (11,12) first observed, increasing 

dietary protein increases production of proteolytic enzymes; 

but the effect is not as definitive as the effect of car

bohydrate on amylase. Several workers (15,17-19,37) have 

confirmed Grossman's findings in the rat and dog. Trypsin, 

however, seems unaffected by a high casein diet (18) and is 

increased by a nitrogen-free diet (38). Incomplete pro

teins require amino acid supplementation to induce 

increased protease production (25). Complete proteins, 

however, are not equally effective; egg protein induces 

proteases more than casein (39). Some investigators (40,41) 
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have found that casein hydrolysates or amino acid mixtures 

are as effective as intact protein in increasing proteases, 

while others (12,23,42) have found hydrolyzed proteins are 

ineffective. 

The mechanism of dietary induction of proteolytic 

enzymes is unclear, but pancreozymin-CCK. has been suggested 

as a messenger. Parenteral administration of CCK. triples 

proteolytic enzyme content, but amylase is also doubled. 

The effect may simply be a generalized trophic one on the 

pancreas (1). 

Lipase 

Pancreatic lipase hydrolyzes triglycerides in the 

gut at the 1 and 3 positions only. Its action requires 

stabilization of the lipids in a bile salt emulsion and the 

presence of calcium and colipase. Colipase is a small pro

tein secreted by the pancreas which facilitates attachment 

of the enzyme to the lipid-water interface (1). Early 

investigations into the effect of diet on lipase production 

(11,12) were hampered by unavailability of colipase, and 

therefore inaccurate assays. Most current work indicates 

that increasing dietary fat in an isocaloric, isonitrogenous 

diet produces a maximal 2-fold increase in lipase activity 

(43,44). This effect is reversible and can be elicited by 

oral or intravenous administration of triglycerides, free 

fatty acids, or ketones (23,42). 
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The mechanism of lipase induction is even less well 

understood than that for amylase and proteases. Ketones, 

which are elevated when lipids are used as the primary 

energy source, have been suggested as messengers. In diabe

tic rats, ketosis is positively correlated with lipase acti

vity (46). In normal rats, however, the relationship of 

ketones and lipase is unclear (45). 

In summary, the ability of the pancreas to change 

the composition of its secretions in response to dietary 

manipulation is clearly an evolutionary advantage, but the 

cellular mechanisms are basically unknown. Some of the 

best evidence for proposed mechanisms has been found in 

diabetic animals, but the profound alterations in pancreatic 

function associated with diabetes cast uncertainty on the 

relevance of this evidence for normal animals. 

Manganese in Biochemistry and Nutrition 

Manganese, one of the less understood trace ele

ments, has been recognized as essential since 1931 when 

Orent and McCollum described growth and reproductive 

problems in Mn deficient rats (47). Mn has been found to 

participate in several essential enzyme systems. However, 

no naturally occurring human deficiencies have been 

identified. 

Total body reserves in the adult human are about 20 

mg (60). Among the soft tissues, liver, pancreas and 
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lactating mammary gland show the highest concentration of 

manganese, about 2 ppm on a fresh weight basis (65). This 

may reflect a high concentration of manganese containing 

enzymes rather than a storage depot, however, for Mn-54 

gradually moves to bone from visceral organs. Bone is 

ultimately the storage site for manganese, although the ease 

of mobilization of bone stores has been questioned (65). 

Absorption, Transport, and Excretion 

Chemically, Mn is distinguished by a variety of 

accessible oxidation states. The +7 state is cytotoxic. 

Almost all workers have administered manganese in the stable 

+2 state, but in the tissues, Mn may exist as a 

pyrophosphate complex of the +3 state, especially in areas 

of oxidative activity such as mitochondria (101). 

Manganese is not well absorbed from the adult 

intestinal tract and may compete with iron for absorption 

(61). A manganese-binding protein called transmanganin has 

been identified in serum, but it may be identical to trans

ferrin (61). Suckling mice, however, show almost complete 

absorption of manganese. Excretion of Mn begins abruptly at 

weaning. This may reflect the need to conserve all manga

nese during the nursing period, as milk is low in manganese. 

Unlike some trace minerals, manganese is not stored exten

sively before birth (62). More than 95% of manganese 
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excretion takes place via the feces, mainly through bile 

(63) and pancreatic juice (64). 

Biochemical functions 

The first enzyme system which has been demonstrated 

to utilize Mn is arginase, which catalyses the final 

cleavage of urea from arginine. Shils and McCollum (48) 

have demonstrated depressed hepatic arginase activity in Mn 

deficient rats, which can be restored by dietary Mn 

repletion. 

Manganese participates in 2 mitochondrial metallo-

enzymes, pyruvate carboxylase and superoxide dismutase. 

Pyruvate carboxylase catalyses the addition of carbon 

dioxide to pyruvate to form oxalacetate, using one molecule 

of ATP. The natural enzyme contains 2 moles of manganese 

per mole protein. Mn-deficient chicks, however, have normal 

pyruvate carboxylase activity, in which magnesium substi

tutes for manganese. (50) 

Cells contain 2 superoxide dismutase enzymes: a Mn 

containing enzyme in mitochondria and Cu-Zn enzyme in the 

cytosol. These enzymes seem concentrated in tissues which 

are active in oxygen consumption such as the liver (50). 

When one electron is added to molecular oxygen, the cytotoxic 

superoxide ion radical, 0, results. Superoxide dismutases 

catalyze the conversion of superoxide to hydrogen peroxide. 

The hydrogen peroxide, itself toxic, is quickly scavenged by 
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catalase or glutathione peroxidase (50). Manganese defi

cient mice exhibit reduced superoxide dismutase activity, 

which is rapidly reversed by dietary supplementation with 

manganese (51). Lipid peroxidation and oxidative damage, 

presumably caused by superoxide ion, have also been found in 

hepatic mitochondria from Mn deficient mice (52). 

Neurological symptoms of manganese deficiency described 

below may be associated with oxidative damage to membranes. 

Manganese also functions in glycosyl transferase 

enzymes, which catalyze the addition of glycosyl groups to 

mucopolysaccarides or glycosoaminoglycans required for 

synthesis of normal cartilage. In rats (53), rabbits (54), 

swine (55), and chicks (56), manganese deprivation in utero 

or during growth causes skeletal abnormalities or decreased 

weight gain. 

Rats deprived of manganese in utero show a striking 

lack of balance and normal righting reflexes due to abnormal 

development of the otoliths, small bony structures inside 

the inner ear. This deformity is attributed to abnormal 

otolith cartilage formation, caused by reduced glycosyl 

tranferase activity (57,58). Mice of a strain known as 

pallid are genetically susceptible to otolith malformation 

and naturally exhibit the abnormal reflexes. Pallid mice 

can be restored to normal function by maternal supplemen

tation with manganese (59). 
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Other functions of manganese are less well 

understood. The effects of manganese on the endocrine 

pancreas are described separately below. Manganese may also 

be involved in cholesterol biosynthesis, as described below 

in deficiency symptoms. 

Deficiency symptoms 

The most apparent symptoms of manganese deficiency 

during growth are skeletal: shortening of the long bones, 

widening of the skull, curvature of the spine, slipped ten

dons, and abnormal ossification of the inner ear (50). 

These effects can be attributed to reduced glycosyl trans

ferase activity discussed in the preceding section. 

In addition, manganese deficiency affects the 

nervous system. Manganese deficient rats show electro

encephalograms characteristic of epilepsy and an increased 

susceptibility to seizures (66). Blood manganese levels of 

epileptic children are significantly lower than normal (67), 

and the severity of convulsive disorders correlates strongly 

with lower blood manganese (68). Direct biochemical expla

nation of these phenomena has not been offered, but the con

nection with superoxide dismutase is tempting. 

The only clear case of human manganese deficiency 

was reported by Doisy in 1972. A volunteer was consuming a 

purified diet for vitamin K study, when Mn was accidentally 
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omitted from the diet for 7 months. The subject suffered 

weight loss, reddening of hair, slow growth of hair and 

nails, and striking decline in serum cholesterol. Symptoms 

were reversed when manganese was restored to the diet (69). 

' Manganese is clearly essential for a variety of 

cellular functions: cartilage formation, urea production, 

and protection from cellular oxidative damage. Other 

biochemical roles for manganese may well await discovery. 

Manganese Deficiency and the Pancreas 

Interest in Mn as a possible pancreatic regulator 

began in 1962, when Rubenstein reported an insulin-

resistant diabetic patient who responded to oral Mn therapy 

with reduced blood glucose (70) . The hypoglycemic e'ffect of 

manganese has been confirmed in other diabetics (70). In 

addition, the sand rat naturally consumes a high Mn diet and 

develops diabetes when fed a standard rodent chow that con

tains less Mn. This diabetes is reversed with Mn 

supplementation of the chow (72). 

Pancreatic morphology of Mn deficient guinea pigs 

has been studied by microscopy (75). Severely deficient 

neonates, nearly moribund, have no discernible pancreatic 

tissue; less severely affected neonates show hypoplasia and 

poor differentiation of the exocrine tissue with widely 

scattered islets containing abnormally high ratios of A/B 
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cells. In contrast, Mn deficient adults with diabetic

like glucose tolerances display normal exocrine tissue, but 

hypertrophied islets containing degranulated B cells. 

Dietary supplementation increases the size of the islets, 

primarily by increasing the size of the B cells, and 

restores B cell function as evidenced by normal glucose 

tolerance. (75). 

Bell and Hurley have studied ultrastructural effects 

of first generation manganese deficiency in murine heart, 

liver and pancreas (76). The most consistent abnormalities 

involve membrane structure. The lipid bilayer of nuclear 

membrane contains gaps or vacuoles; Golgi membranes are 

enlarged and disorganized; and rough endoplasmic reticulum 

(RER) is distended and disorganized. Hepatic mitochondria 

are deformed, with christae arranged in layers parallel to 

the surface. In contrast, pancreatic mitochondria appear 

normal, and the main structural abnormalities are found in 

RER and Golgi. Unusual cytoplasmic lipid droplets are pre

sent in all tissues, but most frequent in liver. Oxidative 

damage, due to decreased SOD activity in deficient tissue, 

might explain the membrane damages. 

Using a colony of second generation Mn deficient 

guinea pigs, Everson and Schrader (73) have studied the 

effects of manganese on glucose metabolism. Dams are raised 

from weaning on a Mn deficient (2 ppra Mn) diet and minimally 
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(3 ppm) supplemented during pregnancy and lactation, and the 

pups are fed Mn deficient diet to maturity. Without mater

nal supplementation during pregnancy and lactation, pups 

show mortality rates exceeding 90%. The deficient animals 

show elevated fasting blood glucose levels and diabetic-like 

responses to oral and intravenous glucose tolerance tests. 

All effects are reversible after dietary Mn supplementation 

for 2 months. 

Because all guinea pigs are congenitally suscep

tible to defects in carbohydrate metabolism, Baly and co

workers (74) have extended the work of Everson and Schrader 

to Sprague-Dawley rats. First generation Mn deficient rats, 

fed deficient diet from weaning, show normal glucose 

tolerance. In contrast, second generation deficient rats 

show hyperglycemia and reduced plasma insulin levels in 

response to oral glucose loads. When pancreata from defi

cient animals are isolated and perfused with 300 mg/dl glu

cose, insulin output is significantly lower than controls in 

both the initial phase representing stored insulin and the 

delayed phase representing freshly synthesized insulin. 

Essentially all of the whole-animal studies on the 

effect of manganese in the pancreas have been conducted by 

Hurly and co-workers. Only the endocrine functions of the 

pancreas have been investigated in Mn deficiency. Because 

the exocrine functions of the pancreas are related to the 
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endocrine functions both morphologically and functionally, 

effects of Hn on the exocrine pancreas need to be studied. 

Manganese and the Exocrine Pancreas 

The effects of manganese on the exocrine pancreas 

have been studied in vitro with isolated tissues or cells 

from manganese-replete rats. Historically, these studies 

grew out of studies on the role of calcium in secretion, so 

discussion of the role of caicium in stimulus-secretion 

coupling is appropriate. In Table 2 are listed the two 

major types of secretagogues, based on the intracellular 

responses elicited. Evidence for distinct receptors for each 

class of compound is based in some cases on evidence of 

inhibition by antagonists and in some cases on the struc

tural evidence of widely differing peptide sequences (77). 

Type 1 secretagogues such as cholecystokinin (CCK) 

act by increasing phosphatidylinositol turnover (78), which 

in turn elevates intracellular free calcium levels. This 

increase was initially assumed to be due to influx of 

extracellular calcium (79), but was later found to be from 

calcium released from membrane bound intracellular stores 

(80). Calcium activates guanylate cyclase (77), and cellu

lar cyclic GMP is increased (81), Cyclic GMP activates a 

protein kinase (82), which initiates release of ZG's via an 

undetermined mechanism. Concurrently, the plasma membrane 

of the acinar cell is depolarized (83), and other cells in 
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Table 2. Pancreatic Secretagogues* 

Agent Source 
Receptor 

Type 
Evidence for 

Separate Receptpr 

Type 1: Mobilize Intracellular Ca & Cyclic GMP 

Acetylcholine 

Carbachol 

neuron 

synthetic 
A 

inhibition by 
competitive 
antagonists 
(atropine) 

CCK-PZ gut cells 

Gastrin stomach B structural 

Caerulein amphibian 

Bombesin 

Litorin 

amphibian 

amphibian 
C structural 

Eledoisin 

Physalaemin 

octopod 

amphibian' 
D structural 

Type 2: Increase Intracellular cAMP 

Secretin gut cells Ei high affinity for 
secretin; low 
affinity for VIP 

VIP gut cells E2 high affinity for 
VIP; low affinity 
for secretin 

^Adapted from Gardner (77) 
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the same acinus are depolarized by communication through 

tight junctions (84). 

Type 2 secretagogues, secretin and VIP, appear to 

have a totally different intracellular pathway involving 

activation of adenylate cyclase and elevation of cAMP (85). 

Thus, their actions are augmented by cyclic phospho

diesterase inhibitors (86). Type 2 secretagogues apparently 

work by increasing cAMP. Distal steps in secretion are not 

well understood, but the effects of type 1 and type 2 secre

tagogues are additive (6). 

Studies on the role of manganese have concentrated 

on type 1 secretagogues, which act via calcium mobilization, 

and hence initially related to the ability of manganese and 

other divalent cations to substitute for calcium. Peterson 

and Ueda (84) have bathed pancreatic fragments in solutions 

of ACh and divalent cations and found that Mn is as effec

tive as Ca in eliciting membrane depolarization and amylase 

release. Mg is much less effective, and trivalent cations 

are ineffective (84). 

Using isolated rat pancreata perfused with a calcium 

free medium, Kanno and Nashimura (87) have demonstrated that 

ImM manganese enhances basal amylase release, but abolishes 

the stimulatory effect of pancreozymin (PZ) . The effect of 

PZ is restored if calcium is added to the perfusate. They 

suggest that influx of intracellular calcium initiates the 
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secretory event,, and that manganese acts as a competitive 

inhibitor of calcium influx (87). Later studies, however, 

have indicated that bound intracellular calcium, rather than 

exogenous calcium, is the intracellular messenger (77). 

Thus, the role of Mn is probably more complex than com

petitive inhibition. 

Using whole isolated rat pancreata with no added 

secretagogue, Argent and others have shown (88,89) that ImM 

manganese can double basal amylase release. Resistance of 

this effect to atropine demonstrates its independence of 

cholinergic receptors. Cobalt, chemically similar to Mn, 

evokes a slightly greater effect, which is partially blocked 

by atropine. Calcium ion evokes the same response as Mn at 

similar concentrations. In addition, Mn increases cyclic 

GMP concentration and increases free intracellular calcium. 

Manganese may act by displacing calcium ions bound to 

intracellular membranes, and the resulting increased calcium 

activates the secretory process. (88,89). The work of Kanno 

and Nashimura, as well as Argent, may be more relevant to 

the role of calcium than that of manganese, for the Mn 

concentrations used were more than 100-fold greater than 

physiological concentrations. 

More recent work has used a preparation of isolated, 

intact acini to study secretory events. This preparation is 

responsive to secretagogues and free from neural and 
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paracrine effects. Acini are isolated by controlled colla-

genase digestion of pancreatic tissue, followed by gentle 

shearing forces, and incubated in a HEPES buffer with no 

added calcium (90). 

The observations of Abdelmoumene and Gardner using 

isolated acini (91) are generally consistent with the whole-

paricreas results of Kanno and Nashiraura, but they suggest 

that the role of divalent cations is complex. Abdelmoumene 

and Gardner have found that extracellular calcium (2.5 mM) 

has no effect on basal amylase release, while Mn at similar 

or even 10-fold lower concentrations enhances basal amylase 

secretion. Stimulated secretion shows different respon

siveness to extracellular cations. The effects of CCK, car-

bachol and bombesin, all of which act by increasing intra

cellular calcium, are augmented by 1 mM calcium in the 

medium, but inhibited by the same concentration of Mn. In 

contrast, the effects of VIP, which acts by increasing 

intracellular cAMP, are augmented more by Mn than Ca. These 

effects of manganese suggest participation in some distal 

step of the secretory process (91). 

Using a similar preparation of isolated acini, Korc 

has demonstrated an effect of Mn, at concentrations slightly 

above physiological, on protein synthesis rather than secre

tion (92,93). In calcium deficient medium, Mn shows a 

biphasic effect on protein synthesis, enhancing it at 3 x 
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10~5 m and suppressing it at 10-fold higher concentrations. 

The stimulatory, but not the inhibitory, effects of Mn are 

abolished if the medium contains physiological concentration 

of calcium. Acini prepared from diabetic rats show a simi

lar response to Mn in calcium-deficient medium. Insulin 

also enhances protein synthesis in diabetic acini, but the 

effects of insulin and manganese are additive. These 

effects seem specific for manganese. Cobalt, nickel, barium 

and strontium show no similar effects, while the effect of 

magnesium is much smaller. The biphasic effects of manga

nese on protein synthesis are similar to those of CCK, but 

the effects of these agents on secretion differ as do the 

time courses. Therefore, simple competition for receptor 

sites is unlikely. Korc suggests that in diabetes Mn may 

play a role in regulating protein synthesis, perhaps 

explaining the functional adequacy of the exocrine pancreas 

in this condition. 

In summary, the accumulation of work on the role of 

manganese in the exocrine pancreas indicates Mn does more 

than substitute for calcium. Mn may function as a regulator 

in specific enzyme synthesis. Because no in vivo studies 

have investigated the role of manganese in the exocrine 

pancreas, the current work was undertaken to elucidate the 

effects of dietary manganese deficiency on pancreatic 

digestive enzyme-content. 



MATERIALS AND METHODS 

Materials 

All diet supplies were obtained from US 

Biochemicals, Cleveland, OH. The following were purchased 

from Sigma chemicals, St. Louis, Mo: enzyme control 2A 

(amylase standard), 1,4 diaminobenzene hydrochloride, calf 

thymus DNA, Folin-Coicoulteau reagent, porcine chymotrypsin, 

trypsin, enterokinase, benzoyl arginine p-nitroanilide 

hydrochloride (BAPNA), glutaryl p-nitroanilide (GPNA), 

bovine serum albumin (BSA), and dexamethasone. The 

following were purchased for cell culture from Grand Island 

Biological Supply Company, Santa Clara, CA: Waymoutli's MB 

752/1, Hank's Buffered Salt Solution (HBSS), and Ham's F-12 

medium. Phadebas blue tablets were obtained from Pharmacia 

Diagnostics, Piscataway, N J; collagenase type II from 

Worthington Diagnostics, Bedford MA; hyaluronidase from 

Cooper Biomedical, Malvern PA; and epidermal growth factor 

(EGF) from Bethesda Research Labs, Gaithersburg, MD. 

Animals 

Weanling, male, Sprague-Dawley rats (40-60g) were 

obtained from the University of Arizona Department of Animal 

Resources. Rats were housed individually in hanging 

27 
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stainless steel cages in a temperature and humidity 

controlled environment with a 12 hour light/dark cycle. 

Diets (described in Table 3) and deionized distilled water 

were provided ad libitum until rats were killed. 

Each treatment group consisted of 7-10 animals. 

Rats were killed at 1, 2, 4, 6 and 8 weeks from the start of 

the experiment. All animals were killed between 1300 and 

1600 hours to minimize diurnal variations in enzyme levels. 

Animals were killed by carbon dioxide asphyxiation, and the 

pancreata and livers were quickly removed and weighed. 

Representative samples of each tissue were removed for AA 

analysis. Representative samples for enzyme analysis were 

quickly frozen on dry ice and stored at -20 C. 

Diet composition is listed in table 3. The control 

(ctrl) and deficient (def) diets were basically high carbo

hydrate diets, differing only in the salt mixture used. 

Atomic absorption (AA) analysis of the diets confirmed a Mn 

concentration of 39.6 ppm for the Ctrl diet and 0.53 ppm for 

def diet. 

For repletion experiments, animals were fed def 

diets for 4 or 6 weeks, then Ctrl diet for the remainder of 

the eight-week experiment. 
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Table 3. Dietary Composition* 

Component Percent Weight Percent Calories 

Cornstarch 

Casein 

Cellulose 

Corn Oil 

Salts^ 

Vitamins^ 

Choline Bitartrate 

65.0 

20.0 

5.0 

5.0 

3.5 

1 . 0  

0.2 

67.0 

20.7 

0 .0  

10.4 

0.3 

1 . 0  

0 .0  

*Diet modified from-Snook (13) 

^AIN Mineral mixture^ 
(prepared without Mn for deficient diet) 

^AIN Vitamin mixture?® 
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AA Analysis 

All glassware used for AA analysis was acid-washed, 

and all instruments were rinsed with deionized water. 

Tissue samples weighing 0.3 - 0.8 grams were dried for 48 

hours at 50° C. Samples were digested with heat and 16M 

nitric acid until clear, and only white nitric acid fumes 

were evolved. The clear solutions were made up to 5 ml 

volumes with deionized water. Samples of each batch of diet 

were prepared according to the same methods. Analyses were 

performed in triplicate on a Hitachi 180-70 flame instru

ment, using conditions shown in Appendix 1. 

Enzyme Analyses 

Unless noted, all enzyme samples were maintained in 

ice throughout the analyses. A nine-fold volume of 

deionized water was added to each frozen tissue sample in a 

15 ml centrifuge tube, and tissues were homogenized with a 

Polytron Kinematica CH 6010 homogenizer at speed 7 for 15 

sec. Tubes were centrifuged at 4° C for 30 min at 1600XG in 

a Beckmann J21C centrifuge with a JA-21 rotor. The pellet 

was discarded, and 250-jil aliquots of supernatant removed 

and frozen for analysis of proteolytic enzymes. Following 

the addition of soy trypsin inhibitor (final concentration 

0.01%), the remaining supernatant was aliquotted for analysis 
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of protein, DNA, amylase, and lipase. All frozen aliquots 

were stored at -80°C. 

Amylase was analyzed using the Phadebas blue starch 

method (94). Fresh homogenate was diluted 1000-fold with 

phosphate-buffered saline (PBS) (see Appendix 2 for all 

solutions) and assayed. Amylase activity was expressed as 

Units (umole maltose released/minute). 

Lipase was analysed by titration on thawed horaoge-

nates diluted ten-fold with PBS. The analysis involved 

hydrolysis of olive oil in an aqueous emulsion stabilized by 

0.022 M sodium tauroglycocholate and 1.1% gum arabic, in the 

presence of 0.025M calcium and 0.125M NaCl and 0.01% coli-

pase. The oleic acid liberated was constantly neutralized 

with NaOH, to maintain the pH at 9.0, using a Radiometer 

TTT80 autotitrator. Enzyme activity was calculated from the 

rate of addition of NaOH (95) and expressed as Units (umoles 

fatty acid liberated/minute). 

Analysis of proteolytic activity required activation 

of samples first. A 4% solution of enterokinase in pH 8.1 

tris-hydroxymethyl aminomethane (TRIS) buffer with 0.02M 

calcium was used for activation. Equal volumes of enteroki

nase solution and thawed horaogenate were incubated at room 

temperature for one hour, which reproducibly gave maximal 

activity of trypsin and chymotrypsin. Analyses were 

completed within two hours of activation. No decline in 
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proteolytic activity was seen in this time period. Assays/ 

for chymotrypsin (96) and trypsin (97) depended on the same 

principle: hydrolysis of a leaving group chromophore, p-

nitroaniline, from a suitable colorless substrate. The 

reaction was stopped by acidification with 30% acetic acid 

to a pH range in which the enzymes were inactive. The 

amount of hydrolysis in a given time was determined by 

spectrophotometric determination of the p-nitroaniline 

liberated using a LKB 4050 utrospec spectrophotometer at 410 

nm. Standards of trypsin and chymotrypsin were prepared and 

stored in 0.001 M HCl, in which the enzymes were stable and 

inactive. For determination of chymotrypsin, 100-150 jul 

portions of activated horaogenate were reacted with GPNA in 

pH 7.6 TRIS buffer containing 0.02 M calcium. After 

quenching with acetic acid, tubes were centrifuged and 

absorbance read at 410 nm. Trypsin was determined in an 

analogous method, using BAPNA substrate in pH 8.1 TRIS 

buffer with 0.02 M calcium. The greater sensitivity of this 

reagent allowed much smaller (10 jul) samples of activated 

homogenate to be used. 

Pancreatic protein was determined by the method of 

Lowry (98) using bovine serum albumin as the standard. DNA 

was measured by a microfluorimetric adaptation of the method 

of Cattiolico (99). Aliquots (30-50 pi) of sample were 

dried for two hours at 75° C, and 50 ul of a 30% solution of 
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diaminobenzoic acid hydrochloride were added. The samples 

were digested for 30 min at 60° C. After addition of 1 ml 

of 1M HCl, fluorescence was read on a Perkin-Elmer 650-10S 

spectrofluorimeter, using conditions shown in Appendix 1. 

Standards were prepared from calf thymus DNA dissolved in 

PBS. 

Cell Culture Preparation 

The effects of manganese on enzyme content were 

investigated in isolated pancreatic acinar cells cultured in 

a serum-free medium. In this system, acinar cells have been 

shown to maintain viability and protein synthetic ability 

for up to four days in culture (33). In order to ensure 

optimum viability, cells from animals weighing less than 80 

grams were used, so the effects of long-term manganese 

depletion could not be studied. 

Animals were fed Ctrl or def diet as described above 

for approximately one week, then killed by exsanguination. 

The pancreata from two animals were quickly removed asep-

tically and pooled for the isolation of acinar cells. All 

solutions were sterile and maintained at 37° C. In a 

laminar flow hood, the tissue was minced in HBSS. The tissue 

was transferred to a 50 ml Erlenmeyer flask and incubated 

with 20 ml HBSS containing 2 M EDTA for twenty minutes in a 

Dubunoff shaking water bath at 37° C while shaking at 140 
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rpm. This chelation step was used to remove divalent 

cations. The mixture was transferred to a 50 ml plastic 

centrifuge tube and centrifuged 1.5 minutes at 210 XG in an 

IEC Centra 7 centrifuge, and the supernatant discarded. The 

tissue was washed with 20 ml of Ham's F-12 solution and 

centrifuged as before. Then the tissue was transferred to a 

fresh 50 ml Erlenmeyer flask and incubated with 20 ml of 

collagenase-hyaluronidase digestion solution (see Appendix 2 

for all solutions) at 37° C and 140 rpm for 20 minutes. 

Centrifugation was followed by washing with 20 ml HBSS as 

above. The chelation, washing, and digestion steps were 

repeated once more, resulting in a uniform dispersion of 

cells free of connective tissue. To isolate acinar cells 

from islets and other material, the cells from the final 

digestion were rinsed in Ham's F-12 solution containing 5% 

heat inactivated newborn calf serum. The supernatant was 

discarded, and cells resuspended in 10 ml of the same solu

tion. To remove undigested material, the suspension was 

filtered through 500 ju and 25 jj Nytex filters, using a 

sterile syringe. The filtrate was gently layered onto 6% 

Ficoll (see Appendix 2), then centrifuged 10 min at 700XG. 

Supernatant containing islet and ductal material was 

discarded, and the pellet containing acinar cells was rinsed 

with Ham's F-12 containing 5% calf serum, then with 
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Waymouth's medium. Cells were resuspended in 10 ml 

Waymouth's medium for counting and plating. 

Viability was determined by counting an aliquot of 

0.2 ml of cell suspension and 0.05 ml of trypan blue with a 

hemocytometer, using a Nikon Diaphot phase contrast 

microscope. The cell suspension was diluted with Waymouth's 

medivim to obtain a concentration of 1 million cells/ml. 

Cell suspension (1 ml) was plated into each well of Costar 

Mark II cluster plates. To each well was added 1 ml of 

Waymouth's serum-free 2X medivim (see Appendix 2), containing 

appropriate concentrations of manganese sulfate. The cells 

were kept in a Queue 2250 RG3 incubator at 35° C and 5% 

humidified carbon dioxide for 24 hours. 

Cell Harvesting for Enzyme Analysis 

In this preparation, cells adhered loosely to the 

bottom of the wells and were removed by gentle suction with 

sterile plastic pipets. A 250 jul sample from each treatment 

group was reserved for viability measurement, and remaining 

wells were collected in iced centrifuge tubes. Tubes were 

centrifuged at 4° C for 1.5 minutes at 700 XG in a Beckman 

J6-B centrifuge, and the supernatants discarded. Cells were 

washed twice with 2 ml portions of ice-cold PBS. All super

natants were discarded, and cells stored dry in tightly 

capped tubes at -80° C. 
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Cells for enzyme analysis were suspended in 1 ml PBS 

and disrupted by sonication with a Fisher 150 sonic 

dismembrator for 10 sec at 60% power. The horaogenate was 

aliquotted for DNA, protein, amylase, lipase, and trypsin 

analyses, and aliquots frozen. 

Identical analytical methods, except for DNA, were 

used for cell homogenates and tissue homogenates, with 

appropriate sample size adjustments. For analysis, of cellu

lar DNA, 50 jul samples of homogenate were mixed with 5 jil of 

20% sodium dodecyl sulfate, instead of drying two hours at 

75° C. Thereafter, the procedure was identical to that used 

for tissue homogenates. Chymotrypsin was not measured on 

cell homogenates, due to the relative insensitivity of the 

method. 

Statistical Analysis 

Student's t-test was used to compare means, and dif

ferences of p<0.05 were' considered significant. Where 

appropriate, one- or two-way analysis of variance with the 

least significant difference was used (100). 



RESULTS 

Food consumption, weight gain, and pancreatic weight 

were the same in rats fed control and Mn deficient diets 

(Table 4). All animals appeared normal in health and beha

vior. 

Rats fed Mn-deficient diet rapidly became depleted 

in Mn, as demonstrated by decreased pancreatic and liver Mn-

content (Table 5 and Figure 1). After one week on deficient 

diet, Mn-contents of both liver and pancreas were signifi

cantly lower (11% and 49%, respectively, p<0.05) than 

controls. Tissue Mn content continued to decrease until six 

weeks, when Mn content approached constant values of 0.7 ppm 

in the pancreas and 0.4 ppm in the liver. Control Mn-

content decreased slightly (11% in each organ) during the 

eight-week period. The pancreas conserved Mn more than the 

liver, as evidenced by higher Mn concentrations in the 

pancreas than the liver in deficient rats. The ratio of Mn 

concentration in pancreas to Mn concentration in liver 

averaged 1.50 + .13 in the deficient rats and 0.96 + .08 

in control rats. 

37 
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Table 4. Food Consumption and Growth of 
Control and Deficient Rats 

Diet 
Period (weeks) Control Mn-Deficient 

Average Daily Food Consumption (g/day)l 

0 - 1  
1 - 2  
2 - 4  
4 - 6  
6 - 8  

11.0+ 1 .8  
15.0+ 2.7 
17.1+ 3.6 
25.3+ 9.1 
21 .0+  6 .1  

9.9+ 1.0 
13.0+ 2.6 
16.0+ 3.5 
26.7+ 8.1 
18.7+ 2.2 

Body Weight (g)l 

1 103+ 8 106+ 7 
2 150+ 7 152+ 9 
4 234+ 24 229+ 20 
6 304+ 10 304+ 21 
8 329+ 19 331+ 26 

Pancreatic Weight (g)* 

1 .467+ .050 .452+ .109 
2 .544+ .092 .576+ .052 
4 .692+ .173 .735+ .052 
6 .832+ .137 .761+ .092 
8 .909+ .092 1.001+ .104 

1-All values are mean + s.e.ra. from 7-10 rats. Mn-def values 
do not differ significantly from corresponding control 
values for each parameter. 
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Table 5. Tissue Mn Content of Control 
and Mn-Deficient Rats 

Week Diet 
Pancreas 
(ppm) 

Manganese^-
(ppm) 

Liver 
(ppm) 

1 Def 1.15+ .12c .076+ .07e 

Ctrl 1.61+ .12ab 1.54+ .12bc 

2 Def 1.19+ .12c 1.12+ .15d 

Ctrl 1.82+ .I4a 2.30+ .24a 

4 Def 0.83+ .07d 0.64+ • 10ef 

Ctrl 1.64+ .l4ab 1.66+ .10bc 

6 Def 0.64+ .07d 0.40+ .04* 

Ctrl 1.40+ .09bc 1.86+ .21b 

8 Def 0.77+ .08d 0.45+ .04ef 

Ctrl 1.44+ .07bc 1.38+ .08cd 

^Values are reported as ug Mn/g wet tissue. All values are 
mean + s.e.m from 7-10 rats. 

abcdef ^11 values in a column not sharing a superscript 
differ significantly from each other by 2-way ANOVA. 
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Figure 1. Effect of Mil-Deficiency on Tissue Mn Levels 

Treatment groups, consisting of 7-10 rats, were fed ctrl or 
def diet for specified times. Tissue Mn concentrations were 
determined by' AA. Values shown are mean + s.e.m. for 
pancreas (•) or liver (o). Control values for Mn were 
1.58+ .07 ppm (pancreas) and 1.757+ .16 ppm (liver). 
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Dietary Mn-deficiency altered pancreatic amylase 

content (Table 6 and Figure 2A). Amylase-activity of defi

cient rats, expressed as % of control values, increased 

significantly over the eight-week period, reaching 198% of 

control values at eight weeks. Amylase-activity of defi

cient rats first differed significantly from control values 

at four weeks. Thereafter, the significance of the dif

ference between groups, as evaluated by paired Student's t-

test, increased at each time point (Figure 2A). In order to 

explore the interactions of dietary treatment and time, 

results were also analyzed by 2-way ANOVA (Table 6). 

Control amylase-activities averaged 132.5 + 5.9 Units/mg 

protein over the eight-week period, with no significant 

changes over time. In contrast, amylase-activity of defi

cient rats showed a significant increase over time, 

increasing from 141.8 + 16.3 to 252.0 + 32.1 Units/mg pro

tein in eight weeks. Time and diet interacted signifi

cantly; amylase-activity of deficient rats differed 

significantly from control values at eight weeks by two-way 

ANOVA (Table 6). 

Pancreatic lipase-activity was also affected by 

dietary Mn deficiency (Table 6 and Figure 2B), differing 

significantly from controls at week eight. During weeks 

1-6, lipase-activity of deficient rats did not differ 
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Table 6. Pancreatic Content of Amylase and Lipase 
in Control and Mn-Deficient Rats 

Amylase Lipase 
Week Diet (Units/mg protein) (Units/mg protein) 

1 Def 141.8+ 16.3bc 18.0 + 2.6 

Ctrl 140.4+ I4.7cd 13.4 + 4.1 

2 Def 148.9+ 21.0bcd 24.0 + 8.5 

Ctrl 139.6+ 08.6cd 29.9 + 6.3 

4 Def 198.4+ 18.2b 24.0 + 6.1 

Ctrl 149.2+ 14.3bcd 26.2 + 5.2 

6 Def 148.9+ 5.lbcd 21.9+2.7 

Ctrl 105.9+ 14.7d 19.3 + 2.6 

8 Def 252.0+ 32.la 23.2 + 2.9 

Ctrl 127.2+ 12.6cd 11.9 + 2.0 

All values are mean + s.e.m. for 7-10 rats. 

abed values in a column not sharing a common 
superscript differ significantly (p<0.05) as analyzed by 
2-way ANOVA. 
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Figure 2. Effect of Mn-Deficiency on Amylase and Lipase 

Treatment groups, consisting of 7-10 rats, were fed Ctrl (o) 
or def (•) diet for specified times. Pancreatic amylase-
(A) and lipase- (B) activities were calculated as Units/mg 
protein. Values shown are mean + s.e.m. Control values 
(U/mg protein) averaged 13.2 +0.7 for amylase and 20.1 + 
4.0 for lipase. 

•Values are significantly different from control (p<0.05) by 
Student's t-test. 
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significantly from control values. At week eight, 

pancreatic lipase-activity of deficient rats increased to 

194% of control values. Lipase-activity of controls and Mn-

deficient did not vary significantly with time for the 

first six weeks, averaging 22.1 + 4.8 Units/mg protein, but 

tended at eight weeks to decrease in controls (11.9 + 2.0) 

while remaining stable in Mn-deficient (23.2 + 2.9). 

Proteolytic activities, unlike amylolytic and lipo

lytic activities, were not consistently affected by Mn defi

ciency (Table 7 and Figure 3A). There were no significant 

differences in chymotrypsin-activity between Mn-deficient 

and control rats at any time point, as analyzed by paired 

Student's t-test (Figure 3A). When analyzed by two-way 

ANOVA for diet and time, there was a significant effect of 

time, no significant effect of diet, and no significant 

interaction of diet and time (Table 7). Chymotrypsin-

activity of both control and deficient rats varied 

significantly during the eight-week time period, showing 

a sharp decrease after week two. During weeks one and two, 

deficient and control groups averaged 6.5 + 0.3 Units/mg 

protein, with no significant differences between groups. 

During weeks four through eight, chymotrypsin-activity for 

both groups averaged 3.3 + 0.3 Units/mg protein. 

Trypsin-activities of control and deficient groups 

differed significantly at weeks six and eight when compared 
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Table 7. Pancreatic Content of Chymotrypsin and 
Trypsin in Control and Mn-Deficient Rats 

Chymotrypsin Trypsin 
Week Diet (Units/mg protein) (Units/mg protein) 

1 Def 6.05+ 0.37a 1566+ 136bcd 

Ctrl 06.08+ 0.47a 1611+ 123bcde 

2 Def 06.68+ 0.71a 1462+ 84de 

Ctrl 07.12+ 0.67a 1412+ 175cde 

4 Def 2.97+ 0.654c 1439+ 199de 

Ctrl 1.98+ 0.40c 1866+ 126abc 

6 Def 2.87+ 0.18c 1211+ 78ae 

Ctrl 3.54+ 0.30bc 1919+ 159ab 

8 Def 4.52+ 0.34b 2270+ 130bcd 

Ctrl 3.69+ 0.59bc 1713+ 176a 

All values are mean + s.e.m. for 7-10 rats. 

abed AH values in a column not sharing a common 
superscript differ significantly (p<0.05) as analyzed by 
2-way ANOVA. 
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Figure 3. Effect of Mil-Deficiency on 
Trypsin and Chymotrypsin 

Treatment groups, consisting of 7-10 rats, were fed Ctrl (o) 
or def (•) diet for specified times. Pancreatic 
chymotrypsin- (A) and trypsin- (B) activities were calcu
lated as Units/mg protein. Values shown are mean + s.e.m. 
Control values (U/mg protein) averaged .482 + .075 for 
chymotrypsin and 173 + 10 for trypsin. 

*Values are significantly different from control (p<0.05) by 
Student's t-test. 
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by paired Student's t-test (Figure 3B). At six weeks, 

average trypsin-activity of the deficient rats was signifi

cantly lower than that of the control group. At eight 

weeks, however, this pattern was reversed, with greater 

trypsin-activity in deficient rats. When analyzed by 2-way 

ANOVA for diet and time, there was no significant effect of 

diet, a significant effect of time, and a significant 

interaction of diet and time (Table 7). For the entire 

eight week period, pancreatic trypsin-activity averaged 1570 

+ 180 Units/mg protein for deficient rats and 1720 + 210 

Units/mg protein for control rats. Thus, there was no 

significant difference in average trypsin-activity between 

the treatment groups over the eight-week period. There was, 

however, a significant interaction of diet and time. At 

four and six weeks, trypsin-activity was lower in the defi

cient group, while at eight weeks, trypsin-activity was 

higher in the deficient group. 

In summary, both pancreatic and liver Mn levels 

rapidly decreased with dietary deficiency, but pancreatic 

levels decreased less rapidly than liver. In dietary Mn 

deficiency, pancreatic amylase increased, lipase initially 

decreased, then increased, and trypsin and chymotrypsin were 

unaffected by diet. 
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Repletion Studies 

Repletion studies were undertaken to investigate the 

reversibility of the changes induced by dietary Mn defi

ciency. When rats fed Mn-deficient diet were then fed 

control diet, no changes in food consumption or weight gain 

were observed (data not shown). All rats appeared normal in 

health and behavior. 

Tissue Mn concentrations of Mn-repleted rats rapidly 

returned to control levels (Figure 4). In the short-term 

repletion, pancreas and liver from rats fed deficient diet 

for six weeks contained Mn concentrations 46% and 21%, 

respectively, of control values. After two weeks of reple

tion, pancreatic and liver Mn concentrations were restored 

to levels not significantly different from control values 

(92% and 104% of control values, respectively). 

In the short-term repletion, pancreatic amylase-

activity fell to a value intermediate between deficient and 

control groups, which was not significantly different from 

either group (Figure 5). After six weeks of dietary Mn 

deficiency, amylase-activity averaged 141% of control values 

(Figure 2). Amylase-activity averaged 145% of control 

values in Mn-repleted rats (two weeks) and 198% of control 

values in eight-week deficient rats (Figure 5). 

In the short-term repletion, lipase-activity 

returned to levels significantly lower than eight-week 
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deficient rats, and not significantly different from control 

values with two weeks of dietary Mn repletion (Figure 6). 

In repleted rats, pancreatic lipase-activity averaged 78% of 

control values, while deficient rats averaged 194% of 

control values (Figure 6). 

With long-term repletion, rats also showed restora

tion of tissue Mn, but not amylase- and lipase-activity. 

These animals were fed Mn-deficient diets for four weeks. 

At this time, pancreatic and liver Mn concentrations were 

51% and 39% of control concentrations (Figure 1). After 

four weeks of dietary repletion, pancreatic and liver Mn 

concentrations reached 121% and 125% of control con

centrations (Figure 4). Amylase-activities in four-week 

deficient animals averaged 133%. of controls (Figure 2). 

After four weeks of dietary Mn repletion, pancreatic 

amylase-activities in these rats were still greater (166%) 

than control values and similar to those of the eight-week 

deficient rats (Figure 5). Lipase-activity in the long-term 

repletion group was 175% of control values, intermediate 

between eight-week deficient (194%) and eight-week control 

values. 

In summary, dietary repletion with Mn rapidly 

restored tissue Mn levels. Pancreatic lipase-activity was 

also restored to control levels, but pancreatic amylase 
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remained elevated, even after four weeks of dietary repletion. 

In Vitro Studies 

In order to investigate the effects of manganese on 

cultured pancreatic acinar cells, pancreatic acinar cells 

were isolated from rats fed control or deficient diet and 

cultured in media containing varying concentrations of 

manganese (II) sulfate. Cells cultured in 3.5X10"3 m Mn 

showed reduced viability (72% of controls after 24 hours 

culture) and reduced enzymatic content. Cells cultured in 

3.5X10"^ and 3.5X10"^ M manganese showed viabilities 

greater than 90% after 24 hours in culture, therefore enzy

matic contents of cells cultured under these conditions are 

reported. Media Mn concentration had no significant effect 

on cellular amylase, DNA, trypsin or lipase in freshly iso

lated (Fl) cells (Table 8). Cells freshly isolated from Mn-

deficient rats were higher in trypsin- and lipase-activity 

and lower in DNA to protein ratio than Fl cells from control 

rats. After 24 hours in culture, DNA to protein ratio was 

increased and trypsin- and lipase-activities were decreased 

in Mn-deficient cells. In contrast, cells from control rats 

showed no changes in DNA to protein ratio or trypsin- and 

lipase-activities after 24 hours in culture. In cells 

cultured from control rats, amylase-activity showed a non

significant tendency to increase in culture. This trend was 

suppressed by higher concentrations of Mn in the culture 
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Figure 4. Effect of Mn-Repletion on Tissue Mn Levels 

Treatment groups, consisting of 6-10 rats, were fed diets as 
indicated for a total of 8 weeks. For repletion groups, 
animals were switched from def to Ctrl diet after- 4 or 6 
weeks. Values shown are mean + s.e.m from 7-10 rats. 

ab Values not sharing a superscript are significantly dif
ferent as analyzed by one-way ANOVA. 
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Figure 5. Effect of Dietary Mn-Repletion 
on Pancreatic Amylase-Activity 

Treatment groups, consisting of 6-10 rats, were fed diets as 
indicated for a total of 8 weeks. For repletion groups, 
animals were switched from def to Ctrl diet after 4 or 6 
weeks. Values shown are mean + s.e.m from 7-10 rats. 

at) Values not sharing a superscript are significantly dif
ferent as analyzed by one-way ANOVA. 
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Figure 6. Effect of Dietary Mn Repletion 
on Pancreatic Lipase Activity 

Treatment groups, consisting of 6-10 rats, were fed diets as 
indicated for a total of 8 weeks. For repletion groups, 
animals were switched from def to Ctrl diet after 4 or 6 
weeks. Pancreatic lipase was calculated as units/mg total 
protein. Values shown are mean + s.e.m. 

Values not sharing a superscript are significantly dif
ferent as analyzed by one-way ANOVA. 
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medium. Cells cultured from Mn-deficient rats showed no 

significant effects of time on amylase-activity. In sum

mary, cells freshly isolated from Mn-deficient rats had 

higher trypsin- and lipase-activities and lower DNA to pro

tein ratio than cells freshly isolated from control rats. 

These parameters tended to return to control levels after 24 

hours in culture. Mn in the culture medium had no clear 

effect on any parameters measured. 
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Table 8. Effect of Manganese on Cultured 
Pancreatic Acinar Cells 

Mn+2 Concentration of Media (M) 
Mn-Status 0.0 3.5x10"^ 3.5x10"^ 

Cellular Amylase-Activity (Units/mg protein) 

Control FI 158+ 23 162+ 23 120+ 29 
Cultured 238+ 29 191+ 28 167+ 7 

Mn-Deficient FI 161+ 25 161+ 28 151+ 25 
Cultured 120+ 18 44+ 15 129+ 50 

Cellular Trypsin-Activity (Units/mg protein) 

Control FI 989+217 1050+206 1033+446 
Cultured 903+504 1091+129 883+ 44 

Mn -Deficient FI 4746+16903 4334+13503 3970+1252? 
Cultured 2002+436b 3064+314b 1592+ 274b 

Cellular Lipase-Activity (Units/mg protein) 

Control FI i0.6+ 2.5 10.6+ 2.3 8.0+ 2.4 
Cultured 16.2+ 1.1 12.3+ 1.7 7.4+ 1.3 

Mn-Deficient FI 19.8+1.2 24.1+1.4 18.6+1.8 
Cultured 16.3+ 3.6 7.7+1.4 9.3+ 2.3 

Cellular DNA to Protein Ratio (ug DNA/mg protein) 

Control FI 78+ 18 78+ 22 55+ 9 
Cultured 61T 3 39+ 10 60+ 4 

Mn-Deficient FI 36+ 4 44+ 8C 46+ 5C 

Cultured 66+ 6^ 87+ 7^ 69+ 10^ 

Cells from control or Mn-Deficient rats were cultured 4 
hours (FI) or 24 hours (cultured) in media containing indi
cated concentrations of manganese. Values shown are mean + 
s.e.m. for 3-6 determinations each from two separate experT-
ments. 

abcd^n Values not sharing a common superscript differ 
significantly (p<0.05) as analyzed by 2-way ANOVA. 



DISCUSSION AND CONCLUSIONS 

Weanling rats rapidly became depleted in manganese 

when fed a low Mn diet. Liver and pancreatic levels of Mn 

were significantly lower in the deficient animals after one 

week and continued to decrease until approximately week six. 

Liver and pancreas normally contain high concentrations of 

Mn compared to other soft tissues (65) , but are depleted 

relatively rapidly, as shown in this study. Liver Mn con

centrations, which were initially higher than those in the 

pancreas, decreased more rapidly to lower levels. After 

approximately six weeks, Mn concentrations stabilized near 

0.7 mg/kg in the pancreas and 0.4 mg/kg in the liver. The 

initial and final Mn concentrations measured in this study 

were comparable with those determined by Baly in first-

generation Mn deficient rats (74) . Even second-generation 

Mn deficient rats have pancreatic and liver Mn con

centrations which are not significantly lower than those 

observed in this study (74). These observations may imply 

that rats have a specific mechanism for conserving this 

essential mineral. The storage and transport of Mn is not 

well understood (50), thus the mechanism by which Mn might 

be conserved in liver and pancreas cannot be proposed. 

56 
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However, the strong ability of the pancreas to conserve Mn 

suggests that this element may play a role in this organ. 

Dietary repletion of Mn-deficient rats with Mn 

rapidly restored the contents of both liver and pancreas to 

control Mn concentrations. Liver showed a trend, not signi

ficant, toward faster repletion than pancreas. Liver Mn 

concentrations were restored to 104% of control values with 

two weeks repletion, while pancreatic Mn concentrations were 

restored to 92% of control values in the same time period. 

Dietary Mn-Deficiency and Enzyme Content 

Dietary Mn deficiency altered pancreatic enzyme con

tent and changed the proportions of amylase, lipase, and 

proteases. Briefly in Mn deficiency, amylase increased, 

lipase decreased initially, then increased at eight weeks, 

and proteases remained unchanged. The pancreatic content of 

enzymes measured in this study reflects the balance between 

synthesis, secretion and intracellular degradation. 

Manganese might affect the rates of any or all of these pro

cesses differently for each enzyme, resulting in changes in 

absolute amounts and relative proportions of the enzymes. 

The effects of Mn on secretion have been studied in 

vitro by Abdelmoumene and Gardner (91), Argent et al. (88, 

89) and Kanno and Nashimura (87). All found that 

extracellular Mn potentiates the effects of secretagogues, 

r 
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and increases secretion. Therefore, Mn-deficient animals 

might secrete less efficiently, thus resulting in increased 

pancreatic content of the digestive enzymes. However, these 

investigators used pancreata from Mn-replete animals and 

concentrations of Mn much higher than those normally found 

in the pancreas. Therefore, their observations cannot be 

extrapolated directly to this study. Other observations 

argue against simple impairment of secretion by Mn defi

ciency. Severe impairment of pancreatic secretion causes 

diarrhea and malnutrition (6). No diarrhea was observed in 

the deficient animals, and all animals grew at normal rates. 

Further, if secretion were impaired, pancreatic levels of 

all enzymes would have increased by the same amount because 

all enzymes are believed to be packaged and secreted 

together in ZG's. The relative proportions of all enzymes 

would have remained unchanged; but in this study, the pro

portions were significantly altered. At eight weeks, amy

lase and lipase were increased two-fold, trypsin was 

increased by 33%, and chymotrypsin was unchanged. Trypsin 

was not altered solely by dietary Mn-deficiency, but was in

creased at eight weeks through an interaction of diet and age. 

Most of acinar cell protein synthesis (95%) is 

directed toward exportable proteins (93). In addition, pro

teases form the largest mass proportion of enzyme production 
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in the pancreas (Table 1). Korc has observed a stimulatory 

effect of manganese on acinar protein synthesis (92,93). 

Because proteases represent the largest single group of pro

teins by mass, one might expect Mn to increase protease con

tent of acinar cells. Therefore, Mn deficient animals might 

be expected to show lower levels of pancreatic proteases. 

This expectation, however, was not confirmed; protease con

tent did not differ significantly between control and defi

cient rats throughout this study. Although trypsin was 

affected -by age and an interaction of age and diet, these 

effects show no consistent pattern and require further 

study. Korc's observations may not be directly applicable 

to the present system. Manganese significantly stimulated 

protein synthesis in vitro at concentrations higher than 

those found in normal animals. In addition, the stimulatory 

effects of Mn were much greater in acini prepared from 

diabetic rats. The intact, non-diabetic rats used in this 

study may have differed from isolated acini in their regula

tory mechanisms for protein synthesis. 

During weeks one to six of dietary Mn depletion, 

pancreatic lipase remained at levels not significantly dif

ferent from controls. At week eight, however, lipase 

increased two-fold in the deficient animals, compared to 

control animals. Because pancreatic Mn levels changed 

little between weeks six and eight, the large change in 
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lipase is difficult to relate directly to Mn concentrations. 

Therefore, the mechanism by which lipase increases after 

eight weeks of dietary Mn deficiency needs to be investi

gated further. 

The effects of Mn deficiency on pancreatic amylase 

were most consistent. Amylase activity of control rats 

remained relatively constant throughout the eight week 

experiment, while amylase activity increased steadily in the 

deficient rats to 198% of control at eight weeks. Several 

different mechanisms might account for this change, 

involving the three basic processes of synthesis, secretion, 

and degradation. 

Manganese may affect the rate of synthesis of amy

lase. Agents known to increase amylase activity, such as 

insulin and dietary carbohydrate, exert their effects by 

increasing synthesis of amylase protein and amylase mRNA 

(28). The observed increase in amylase seen in manganese 

deficiency might be explained by an increase in amylase 

synthesis, even though the exact mechanism of this effect 

cannot be proposed. Although in vitro evidence supports a 

regulatory role of Mn on acinar protein synthesis, the spe

cific effects of Mn on amylase have not previously been 

investigated. Korc found (92,93) that Mn stimulated protein 

synthesis in acinar cells, but did not determine the synthe

sis of which of the numerous, structural and export proteins 
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were actually increased. The actual effects, if any, of Mn' 

on amylase synthesis could be elucidated using Scheele's 

technique (2) in which radio-labelled amino acids are incor

porated into acinar proteins. Then the proteins are 

separated and identified by two-dimensional gel 

electrophoresis. The rates of synthesis of individual pro

teins are determined by autoradiographic analysis of the 

gels. Using acinar cells from Mn deficient or replete rats, 

the effects of Mn on synthesis of amylase and other proteins 

could be clearly determined. Because amylase was uniquely 

affected in this study, more specific investigation of the 

effect of Mn on amylase synthesis should be undertaken. 

Alternatively, manganese might change pancreatic 

amylase levels by affecting the mechanisms of amylase remo

val. As discussed above, secretory effects of manganese 

would not cause the unique changes seen in pancreatic amy

lase. However, manganese might affect amylase by selec

tively decreasing the rate of intracellular degradation of 

amylase. If the degradation rate of amylase were lower in 

deficient animals, while synthesis and secretion remained 

unchanged, then an increase in pancreatic amylase would 

occur in the deficient rats. However, intracellular degra

dation is difficult to observe directly, so this hypothesis 

cannot be easily examined. 
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An important question to investigate is the rela

tionship of insulin and manganese in amylase regulation. 

Insulin increases the production of amylase, but it is prob

ably not the sole agent of this increase in normal animals, 

as discussed before. Because acini from diabetic rats 

increase protein synthesis in response to extracellular Mn 

more strongly than acini from normal rats, Korc (93) has 

suggested that in diabetes Mn may partially replace insulin 

as the regulator for amylase. This hypothesis could be 

tested by observing the effects of Mn deficiency in rats 

made diabetic with streptozotocin or alloxan. 

Another important question is the possible interre

lationships of manganese, insulin, glucose, and glucose 

metabolites in amylase regulation. Insulin and glucose may 

interact within the acinar cell. Insulin stimulates acinar 

glucose uptake and oxidation (29,102). Possibly a metabo

lite of glucose (such as one of the intermediates in glyco

lysis) rather than glucose itself could be the mediator of 

amylase production. Bazin and Lavau have suggested that the 

process of glucose metabolism is involved in dietary 

regulation of amylase (29). Glucose metabolites have also 

been suggested as regulators in other cells. For example, 

intermediate products of glycolysis, not glucose, have been 

proposed as the actual secretagogues for insulin in the B 

cell (103). If glycolytic intermediates were involved, then 
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a role for Mn involving pyruvate carboxylase could be postu

lated. The Mn-containing metalloenzyrae pyruvate carboxylase 

converts pyruvate to oxalacetate, thus increasing the rate 

of removal of pyruvate via the citric acid cycle. If pyru

vate carboxylase activity were lowered in Mn deficiency, 

pyruvate and glycolytic intermediates might build up. 

Higher levels of glycolytic intermediates might in turn 

increase amylase, via the same mechanism as glucose. This 

hypothesis could be investigated by measuring pyruvate car

boxylase activity, glucose oxidation, and concentrations of 

fructose 1,6 diphosphate and phosphoenolpyruvate in Mn defi

cient acinar cells. However, it has not been demonstrated 

that dietary Mn deficiency actually results in reduced pyru

vate carboxylase activity in rats, so this hypothesis is 

tentative. In chicks, Mn deficiency results in normal pyru

vate carboxylase activity, and the functional enzyme con

tains Mg substituted for Mn (50). 

Repletion Studies 

The effects of Mn repletion on pancreatic enzyme 

content were different for amylase and lipase. Lipase acti

vity was restored to control levels with a relatively short 

period (two weeks) of dietary repletion. In contrast, amy

lase activity was never decreased significantly below the 

elevated levels seen in eight week deficient rats, even 
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after four wfeeks of repletion. In both short-term and long-

term repletion groups, amylase levels continued to increase 

slightly during the period the animals were fed control 

diet, while the animals which were fed control diet 

throughout the study maintained constant levels of amylase 

activity. These observations suggest that Mn plays a devel

opmental role in amylase regulation during the post-weaning 

period. Most of the other physiological effects of manga

nese are seen most strongly in the developmental periods; 

effects of dietary Mn deficiency on the skeletal system and 

the endocrine pancreas are most prominently exerted in utero 

or during the nursing period. Some of the developmental 

effects of Mn deficiency on the skeletal system are irrever

sible (58), while the effects on the developing pancreatic B 

cells are reversible with dietary repletion (74). Thus, the 

lack of restoration of amylase by repletion is not incon

sistent with the effects seen in other systems. However, 

repletion studies should be conducted for longer time 

periods in order to completely determine these effects. 

In summary, the evidence found in vivo supports a 

physiological role for Mn in regulation of enzyme content of 

the exocrine pancreas. The mechanism whereby manganese 

deficiency irreversibly increases pancreatic amylase content 

requires further investigation. 
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In Vitro Studies 

Preliminary studies were undertaken to investigate 

the effects of extracellular Mn on enzymatic content of 

pancreatic acinar cells. Because the technique requires 

cells isolated from young (<100g) rats, Mn-deficient rats 

were fed deficient diet for only one week. After one week 

of dietary deficiency, pancreatic Mn content is reduced 

(Figure 1), but enzymatic activities are unchanged in the 

whole animal (Figures 2 and 3). Therefore, large differen

ces between control and deficient cells were not expected. 

Cells freshly isolated from Mn-deficient rats were lower in 

trypsin- and lipase-activities and higher in DNA than cells 

freshly isolated from control rats. After 24 hours in 

culture, these parameters tended to return to control 

levels. The effects of antecedent diet are difficult to 

explain and require further study. 

Manganese.added to the culture media did not affect 

any of the parameters measured in FI cells. In cultured 

cells, the only effect of Mn was a tendency to decrease 

lipase-activity. Cellular effects of exogenous manganese 

may require longer induction periods than those used in the 

current investigation, 

In summary, Mn exerts significant effects on the 

exocrine pancreas. In vivo, dietary Mn deficiency reduces 

pancreatic amylase activity, changes lipase activity in a 
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time-dependent manner, and does not consistently affect pro

tease activity. In vitro supplementation of cultured 

pancreatic acinar cells tends to decrease lipase. Data from 

this study support a role for Mn in the exocrine pancreas, 

particularly in the regulation of the synthesis of amylase. 
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APPENDIX I 

Analytical Conditions for Atomic 
Absorption Spectrophotometer 

Instrument 

Element 

Lamp Current 

Wavelength 

Slit 

Burner 

Burner Height 

Oxidant 

Fuel 

Hitachi 180-70 

Mn 

15 raA 

279.5 nm 

0.4 nm 

Standard type 

7.5 

1.60 kg/cm2 

Acetylene 
0.30 kg/cm2 

Analytical Conditions for Spectrofluorimeter 

Instrument 

Excitation 

Emission 

Perkin-Elmer 650 - 10S 

405 nm, slit 2 

520 nm, slit 4 



APPENDIX II 

Solutions Used 

Phosphate Buffered Saline (PBS) 

4 m. 0.2 M sodium dihydrogen phosphate 

21 ml 0.2 M disodium hydrogen phosphate 

9.36 g NaCl 

deionized water to make 1 liter 

Digestion Solution 

50 mg collagenase type II (150-169 U/mg) 

50 mg hyaluronidase 

dissolve in 40 ml in Ham's F-12 

10 ml heat inactivated (30 min @ 56°C) newborn calf 
serum 

Waymouth's 

50 ml Waymouth's 10X 

15 ml 7.5% NaHC03 

13 ml HEPES buffer 

6 ml 200 mM glutamine 

412 ml sterile deionized water 

5 ml antibiotic-antimycotic 

5 ml soy trypsin inhibitor (1%) 



Waymouth1s 5% Albumin 

5 g crystallized lyophilized albumin 

100 ml Waymouth's 

Waymouth1s Serum-Free 2X 

40 ml Waymouth1s 5% albumin 

60 ml Waymouth1s 

1 ml 2X10-^M dexamethasone 

0.5 ml EGF (1:100) 
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