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ABSTRACT 

Manganese-deficiency increases pancreatic amylase. 

Dietary adaptation of the pancreas also alters enzyme 

content. Pancreatic dietary adaptation was examined in 

manganese-deficient rats. Weanling rats were fed for six 

weeks a high carbohydrate diet with 10 ppm (control) or 1 

ppn (deficient) manganese. Then, both control and deficient 

rats were divided into three subgroups and were fed high 

carbohydrate, high protein, or high fat diets for 10 days. 

Body weights and food consumption were comparable among 

groups. Pancreatic manganese contents in deficient groups 

were decreased to 3 ̂ — 6 5 % of respective controls. Pancre

atic enzymes adapted to diet in both control and deficient 

rats. High carbohydrate diet increased amylase, high fat 

diet increased lipase, and high protein diet increased 

trypsin but decreased chymotrypsin. Manganese-deficiency 

increased amylase activity in high carbohydrate (245), high 

protein (41%) and high fat (405&) rats, and lipase activity 

in high fat (80J) rats compared to respective control rats. 

Manganese-deficiency did not affect proteases. Neither 

dietary composition nor manganese-deficiency influenced 

parotid amylase. Manganese may play a regulatory role in 

the exocrine pancreas. 
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INTRODUCTION 

The divalent cation manganese (Mn) is an essential 

trace element that may be an important cellular regulator. 

Manganese-deficiency causes poor growth, abnormal reproduc

tion, and skeletal and connective tissue deformities in 

laboratory animals. Biochemically, manganese serves as an 

enzyme activator or cofactor for important enzymes including 

glycosyl transferases, glutamine synthetase, arginase, 

phosphatidyl inositol synthase and phosphoenolpyruvate 

carboxykinase. Alternately, manganese can be an integral 

component of an enzyme protein. Superoxide dismutase and 

pyruvate carboxylase are manganese metalloenzymes. Man

ganese is involved in carbohydrate metabolism and appears 

to have a role in gluconeogenesis and in maintaining blood 

glucose and insulin levels. 

Manganese also influences pancreatic exocrine 

function. In vitro, manganese stimulates amylase secretion 

and protein synthesis in pancreatic acinar cells. In vivo, 

manganese-deficient rats have elevated amylase activity. 

Manganese repletion restores tissue manganese content but 

not amylase activity to control values. Lipase and 

proteases are not consistently affected by manganese-

deficiency . 

1  
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Dietary macronutrient composition also alters 

pancreatic enzyme activity. This adaptive effect is 

specific for the pancreas. Dietary composition does not 

affect salivary amylase. In the pancreas, high carbohy

drate diets increase amylase activity, high fat diets 

increase lipase activity, and high protein diets increase 

protease activities. These increases are seen in both 

pancreatic secretions and pancreatic tissue content and are 

due to increased enzyme synthesis. However, the specific 

mechanisms of these dietary adaptations are not understood. 

Regulation of amylase and lipase adaptation does not 

appear to involve absorption or intestinal factors, while 

regulation of protease adaptation is dependent on d i g e s t-i-eTr-

and absorption of dietary protein and may involve a gastro

intestinal hormone such as cholecystokinin. As dietary 

manganese-deficiency can influence pancreatic amylase 

activity, manganese-deficiency may affect the ability of the 

pancreas to adapt to changes in diet. To determine the role 

of manganese in dietary adaptation, pancreatic and parotid 

enzyme content in manganese-deficient rats fed high carbohy

drate, high protein or high fat diets was studied. Compari

son of the effects of manganese and dietary macronutrient 

composition on pancreas and parotid glands should indicate 

whether the effects of manganese-deficiency, like those of 

dietary composition, are specific for the exocrine pancreas. 



LITERATURE REVIEW 

The Exocrine Pancreas 

Digestion is the hydrolysis of food macromolecules 

by enzymes secreted by glandular cells in the mouth, chief 

cells in the stomach, the exocrine cells of the pancreas 

and the intestinal brush border. The exocrine pancreas is 

the most important supplier of digestive enzymes. The 

acinar cells of the exocrine pancreas secrete a mixture of 

about 20 proteins responsible for digestion of dietary 

macronutrients and are grouped in electrically coupled 

units called acini (1,2). 

Pancreatic amylase (E.C. 3.2.1.1), lipase (E.C. 

3.1.1.3). trypsin (E.C. 3>1.4.4) and chymotrypsin (E.C. 

3.4.4.5) hydrolyze respectively, starch, triglycerides and 

proteins. Pancreatic amylase is an endoamylase which 

cleaves the alpha 1,4 glucosidic linkage of starch mole

cules, conserving the alpha configuration of the molecule 

(1). There are two pancreatic isoenzymes. In the rat, 

amylase 1 has a pi of 8.6 and molecular weight of 55,000; 

amylase 2 has a pi of 8.9 and molecular weight of 53(000 

(2,3). Both molecules have the same specific activity and 

are rich in aromatic residues, producing a compact three 

dimensional structure (1). Human, sheep and pig amylases 

are glycoproteins (1). In rats, pancreatic amylase is 

3  
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immunologically distinct from salivary amylase, and the two 

amylses have different peptide sequences (4). 

Pancreatic lipase hydrolyzes positions one and three 

of triglycerides, rendering 2-monoglycerides and free fatty 

acids. This lipase requires a proteinaceous cofactor, 

colipase, which permits lipase to be adsorbed to the 

lipid/water interface of micelles. Lipase adsorption would 

otherwise be hindered by the critical micellar concen

tration of bile acids (1). Rat pancreatic lipase has a pi 

of 6.8 and a molecular weight of 50,000 daltons (2,3). 

Colipase has a molecular weight of about 11,000 daltons 

( 1 ) .  

Trypsin is highly specific, hydrolyzing peptide 

bonds with the carbonyl moiety from lysine or arginine 

residues. Trypsin is synthesized, stored and secreted as 

an inactive precursor, trypsinogen. Trypsinogen is initial

ly activated by a duodenal brush border enzyme, entero-

kinase, and in turn activates additional trypsinogen 

and other pancreatic zymogens (1). In the rat, there are 

three trypsin isoenzymes. Trypsinogen 1 has a pi of 4.3 

and molecular weight of 21,000 daltons. Trypsinogen 2 has 

a pi of 4.4 and a molecular weight of 21,000 daltons. 

Trypsinogen 3 has a pi of 8.0 and a molecular weight of 

22,500 daltons (2,3). Chymotrypsin is an endopeptidase 

which cleaves peptide bonds following aromatic residues and 

may also recognize other bulky hydrophobic residues. The 
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zymogen, chymotrypsinogen, is activated by trypsin in the 

intestinal lumen (1). In the rat, there are two isozymes: 

chymotrypsinogen 1 with a pi of 1.8 and chymotrypsinogen 2 

with a pi of 9.0. Both have molecular weights of 25,000 

daltons (2,3). 

Pancreatic exocrine function is regulated by the 

actions of certain peptides known as secretagogues (5,6,7). 

These secretagogues can increase enzyme secretion via 

receptors on the surface of the acinar cell. There are two 

mechanisms by which secretagogue/receptor interaction 

increases secretion, and the initial steps in these pathways 

are functionally distinct. The first mechanism increases 

the breakdown of phosphatidyl inositol, the release of 

cellular calcium and, after a series of yet unknown steps, 

the stimulation of enzyme secretion. Cyclic GMP is also 

increased but does not seem to mediate the actions of this 

type seer etagogue . There are four c a 1 c i u m-r e 1 e a s i n g 

receptor types. The first type is stimulated by cholinergic 

agents. It is not known how may cholinergic receptors the 

acinar cell possesses. The second receptor type is for 

cholecytokinin and structurally related peptides including 

cholecystokinin octapeptide, gastrin and caerulein. Each 

acinar cell has about 9,000 of this type receptor (8). The 

third receptor type is for bombesin and structurally related 

peptides such as litorin. Each acinar cell has about 5,000 

of this type receptor (9). The fourth receptor is for 
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physalaemin and structurally related peptides such as 

eledoisin. Each acinar cell has about 500 of this type 

receptor (10). The second mechanism for secretagogue/recep-

tor stimulation of acinar cells activates adenylate cyclase, 

increases cyclic AMP, activates cyclic AMP-dependent protein 

kinase and ultimately increases enzyme secretion. There are 

two receptor types that act in this manner. One type is for 

the cholera toxin and the other type is for secretin and 

VIP. The acinar cell has about 21,000 receptors for cholera 

toxin (11), about 9»000 VIP prefering receptors and 135,000 

secretin prefering receptors (12). 

The molecular mechanisms by which the digestive 

enzymes are synthesized and secreted from the exocrine 

pancreas has been determined by Palade (13). It is widely 

accepted that the exocrine proteins are segregated by 

membrane bound compartments and discharged in parallel. 

This single secretory pathway has six stages: synthesis, 

segregation, intracellular transport, concentration, 

storage and exocytosis. Exocrine proteins are synthesized 

by polysomes bound to reticular membrane proteins. A 

signal sequence at the N-terminus recognizes the rough 

endoplasmic reticular membrane and passes through it, 

followed by the rest of the new protein ( 1H) . In the 

interior of the rough endoplasmic reticulum a signal 

peptidase cleaves off the signal peptide, and the protein 

acquires its three dimensional shape (15). Through this 
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mechanism the enzymes are synthesized and segregated from 

other cellular proteins and are then transported by an 

energy dependent process into condensing vacuoles at the 

inner face of the golgi complex. The secretory proteins 

inside the condensing vacuoles are concentrated, resulting 

in mature zymogen granules. Upon stimulation, enzymes are 

discharged from the acini by the energy dependent process 

of exocytosis. The zymogen granules approach the apical 

region of the plasma membrane, the two membranes fuse, and 

the proteins are discharged in parallel (1,2,16,17). 

The secretory pathway was investigated by following 

the course of pulse labelled proteins through the acinar 

cell using electron microscopic autoradiography and cell 

fractionation techniques, but other evidence also supports 

this theory. The exocrine pancreas has only one type of 

acinar cell and only one type of zymogen granule (2). 

Further, electron microscopic immunocytochemical localiza

tion studies by Kraenenbuhl and colleagues demonstrate that 

bovine trypsinogen, chymotrypsinogen A, carboxypeptidase A, 

ribonuclease and deoxyribonuclease are present in all 

zymogen granules in all acinar cells (18). Stimulation of 

acini by cholinergic agents and peptide secretagogues 

results in discharge of the same relative proportion of 

enzymes and zymogens from the acini (2,19,20). 

Other studies, however, suggest non-parallel 

discharge of exocrine proteins under certain conditions. 
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Work by Dagorn and others show that stimulation of acini by 

secretagogues may increase chymotrypsinogen relative to 

amylase, lipase and trypsinogen and increase lipase relative 

to amylase (21-25). In some studies, however, the animals 

or subjects were fasted prior to the experiment, and fasting 

induces an adaptive increase in lipase activity and decrease 

in amylase activity (26). Work by Rothman shows that 

blockage of fluid secretion by the pancreas may decrease 

amylase relative to total protein secretion, indicating a 

diffusion process. In exocytosis, the rate of protein 

secretion would be determined intracellularly by the rate at 

which secretory granules fuse with the plasma membrane (27). 

Finally, labelled protein has been recovered in the super

natant in cell fractionation studies, indicating that newly 

synthesized proteins may enter the cytoplasm (28). Further 

studies by Scheele and coworkers (2), however, indicate that 

this result was due to leakage and adsorption artifacts 

associated with tissue homogenization and cell fractiona

tion. Recent findings by Adelson and Miller (29) demon

strate that stimulation of rabbit pancreas by chymodenin and 

cholecystokinin increased the linear correlation of secre

tion between paired enzymes, supporting exocytosis over a 

simple equilibrium mechanism. The slopes of the correlation 

of these paired enzymes, such as lipase with amylase, after 

stimulation by both secretagogues were different than when 

stimulated by cholecystokinin alone, suggesting nonparallel 
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secretion. Stimulation by both secretagogues decreased 

secretion of newly synthesized protein and increased secre

tion of previously synthesized, stored proteins. The 

authors propose that nonparallel secretion occurs under 

exocytotic conditions via multiple pathways. Future work 

should further elucidate the mechanism of exocrine protein 

secretion. For now, the issue of parallel versus non-

parallel secretion remains controversial. 

Dietary Adaptation 

Inducibility of digestive enzymes was first suggest

ed by Pavlov in 1897 (30). Early studies by Grossman, 

Greengard and Ivy (1912) show adaptation of the composition 

of the pancreatic exocrine enzymes to the predominant 

constituent of the diet (31). Rats fed a high carbohydrate 

diet have increased pancreatic amylase activity and de

creased trypsin activity. Rats fed a high protein diet have 

increased trypsin and decreased amylase activity. Rats fed 

a high fat diet have unchanged lipase activity. Since the 

studies by Grossman and coworkers, however, with the 

understanding of the role of colipase in lipase activity; 

subsequent studies employing appropriate assays for lipase 

activity show increased lipase activity when rats are fed 

high fat diets (32). Dietary adaptation of exocrine enzymes 

is not universal. Salivary amylase is not altered by amount 

of substrate in the diet (33). 



10  

Amylase 

Pancreatic amylase activity in both pancreatic juice 

and tissue is increased two to five fold, and the synthetic 

rate is increased 7-9 fold when rats fed a low carbohydrate 

(0-205) diet are changed to a high carbohydrate (60% — 75% ) 

diet (34-39). Amylase mRt.'A is also increased (40). When 

carbohydrate is replaced by protein or fat, there is a 

decrease in amylase activity (36-46). Adaptation begins 

within 24 hours after the diet is changed and is maximal 

between five to seven days after the change (38,42,44,46). 

The type of carbohydrate influences the degree of 

adaptation. Deschodt-Lanckman and co-workers report 

amylase activity to be similar in rats fed 67" starch, 

glucose, fructose and sucrose, but lower in those fed 

galactose and lactose (43). Howard and Yudkin report 50£ 

greater amylase activity using high starch or glucose than 

high sucrose or fructose (37). Intravenous glucose infu

sions also increase amylase activity, similarly to the 

effect of oral glucose (47). 

Metabolic conditions also alter amylase activity. 

Streptozotocin or alloxan diabetes decreases pancreatic 

amylase activity synthesis ten fold (48,49,50). This 

decrease is reversible by pancreatic transplantation or 

administration of insulin with a high carbohydrate/low fat 

diet (48,49). When insulin is administered to diabetic 

rats fed a low carbohydrate/high fat diet, amylase activity 
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is not restored (40,15)* Ketosis due to high fat diets, 

fasting, or intravenous infusion of beta-hydroxybutyrate 

decreases amylase activity (26,16,50). 

Li pase 

Pancreatic lipase activity and secretion increases 

70? to 100? when rats fed a low fat diet (10? of calories) 

are changed to a high fat diet (10? to 70?) of calories 

(36,13). Lipase activity also decreases when fat is 

replaced with carbohydrate or protein (11,13-15). Gidez 

reports lipase activity in rats is raised 50? by increasing 

corn oil from 1? to 22? of calories. No significant 

increase in activity occured with higher corn oil. 

Adaptation of lipase begins immediately upon change of diet 

and is maximal at 5 days after the diet is changed (11,13). 

Dietary fatty acids and intravenous infusion of a fat 

emulsion increase lipase activity to the same extent as 

dietary triglycerides (47). 

Chain length and degree of unsaturation of fatty 

acids may affect adaptation of lipase activity. Work by 

Sabb and co-workers (52), indicates that pancreatic lipase 

adapts primarily to amount of dietary fat. Lipase activity 

increases comparably in rats fed high fat (67? of kcal) 

diets containing fats of varying saturation and chain 

length. However, rats fed moderate fat diets (40? of kcal) 

containing safflower oil as the fat source had a greater 
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increase in lipase activity than rats fed moderate fat 

diets of greater degree of saturation and shorter chain 

length. The threshold level of dietary fat producing an 

adaptive response was 47? of kcal in this study, suggesting 

that type of fat only influences dietary adaptation below 

the threshold level of dietary fat. 

Metabolic conditions also influence lipase. 

Streptozotocin and alloxan diabetes increase lipase activity 

two fold (48,49). Fasting or infusion of beta-hydroxy-

butyrate increase lipase activity. Further, lipase activity 

is directly proportional to blood ketones in rats fed high 

fat diets, suggesting these metabolites may be involved in 

stimulation of pancreatic lipase (26,50). 

Proteases 

Trypsin activity is increased 50? to 100% when 

dietary casein is increased from 20% to 60? of diet 

(37,44). Chymotrypsin activity in pancreatic tissue and 

juice and its synthesis are two to three fold higher in 

rats fed a high protein diet (40,42,46,53). Protease 

adaptation begins within 24 hours after the new diet is 

introduced and reaches maximum in 5 to 7 days. High 

protein diets (70?) fed to rats increase levels of mRNA for 

trypsinogen I and chymotrypsin B 3.6 and 3.9 fold over 

those of low protein diets (15? casein) (54). When protein 

calories in excess of nitrogen needs are replaced by carbo
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hydrate, there is a decrease in trypsin and chymotrypsin 

activity (37). Rats fed hydrolyzed casein have only one 

half the trypsin activity of rats fed non-hydrolyzed casein 

(37). In contrast to the effects of digestive end products 

on amylase and lipase, dietary or intravenous amino acids 

produce no adaptive effect on protease activity (17). 

Schick and co-workers found a different adaptive 

response in rats to diets deficient in protein (3,55). 

Synthesis of neutral and basic enzymes including lipase, 

trypsinogen 3, amylases 1 and 2, chymotrypsin 2, pro-

elastase 2 and ribonuclease were depressed 0.23 to 0.57 

fold compared to control diets containing 22% casein. 

Synthesis of acidic enzymes such as trypsinogens 1 and 2, 

chymotrypsinogen 1, proelastase 1 and procarboxypeptidases 

A and B increased 1.4 to 2.8 fold. These results suggest a 

regulatory mechanism for cell survival during protein 

deficiency, preserving the ability of the cell to obtain 

amino acids from the environment. 

Evidence regarding the effect of dietary fat on 

proteolytic adaptation is conflicting. Both Gidez (41) and 

Bazin and co-workers (50) report that proteolytic activites 

are stable with increasing dietary fat. In contrast, 

Sommer and Kasper (36) and Snook (44) report increased 

chymotrypsin secretion and activity with high fat diets; 

however, Snook found chymotrypsin activity decreased in 

rats fed a very high fat (95? kcal) diet. 
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Mechanism of Adaptation 

The adaptative effect of dietary components on 

pancreatic enzyme secretion is due to increased enzyme 

synthesis. Reboud and co-workers (56) show that the 

specific activity of purified enzyme is not increased 

following adaptation, ruling out activation as a mechanism 

of adaptation. Further, catabolism of pancreatic secretory 

proteins is limited, and secretory proteins are not recycled 

(57). Adaptation should not occur by selective enzyme 

secretion because pancreatic proteins are believed to be 

synthesized, processed and secreted in parallel (2). 

Several studies have demonstrated that the adapted increase 

in enzyme secretion is accompanied by an increase in total 

pancreatic enzyme content and synthesis. There is evidence 

that dietary components regulate the levels of enzyme mRNAs 

during transcription (40,51), but the mechanisms by which 

substrates increase synthesis of digestive enzymes and their 

mRNAs is not clear. 

Amylase synthesis (4) and dietary adaptation of 

pancreatic amylase content (40) are believed to be regu

lated by mRNA synthesis or degradation. Regulation of 

amylase adaptation does not appear to be mediated by 

absorption or intestinal factors because products of starch 

hydrolysis or intravenous infusion of glucose increase 

amylase activity similarly to dietary starch (47). Insulin 

increases acinar protein synthesis and glucose transport 
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and may stimulate amylase synthesis via glucose transport, 

the insulin receptor, or some other mechanism (48,19,58). 

A high fat diet impairs glucose metabolism in isolated 

acini due to decreased glucose transport (59). Streptozo-

tocin or alloxan diabetic rats have severely depressed 

amylase activity and mRNA levels (H9). Amylase activity 

and mRNA levels, however, are restored by insulin admini

stration (t8«49)* In non-diabetic rats, however, chronic 

insulin administration decreases pancreatic amylase content 

(18). Taken together, these data may signify a critical 

concentration range of insulin for amylase regulation. 

Conversly, depressed amylase activity in diabetic rats may 

be an adaptive response to decreased cellular glucose and 

its utilization or to ketosis and may, thus, be independent 

of insulin. 

The mechanism of lipase adaptation is less well 

understood but appears to bypass the gastrointestinal tract 

because free fatty acids and intravenous lipid infusions 

increase lipase activity similarly to a high fat diet 

(45). These products of fat hydrolysis or their metabo

lites, ketones, may be involved in stimulation of lipase 

synthesis. 

Regulation of protease adaptation is dependent on 

digestion and absorption of dietary protein. Hydrolyzed 

casein and intravenous amino acid infusions do not raise 

protease levels comparable to dietary casein (37). A 
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gastrointestinal hormone such as CCK may be involved. CCK 

regulates pancreatic enzyme secretion and stimulates 

protein synthesis in vivo and in vitro (5,60). Subcuta

neous injection of the CCK analogue, caerulein, over a 15 

day period increases pancreatic trypsinogen content four

fold, independent of amylase and lipase content (60). 

Proteolytic enzyme synthesis could share this regulator of 

pancreatic secretion. 

Biochemistry of Manganese 

Manganese has been known to be an essential nutrient 

since 1931 when both Kemmerer and associates (61) and Orent 

and McCollum (62) demonstrated poor growth and abnormal 

reproduction in rodents fed manganese-deficient diets. 

Among the classic signs of manganese-deficiency in labora

tory animals are skeletal and connective tissue abnormali

ties (63-65). Nutritional chondrodystrophy in chicks 

features short, thick legs and wings, a "parrot" beak, and 

high mortality (66). Rats born to manganese-deficient dams 

have a severe shortening of the radius, ulna, tibia, fibula 

(67); a shorter, wider skull (68); and delayed and abnormal 

calcification of the otoliths (69). This latter defect is 

responsible for irreversible congenital ataxia in second 

generation manganese-deficient animals (69). This ataxia is 

characterized by uncoordination, lack of equilibirium, and 

retraction of the head. 



17 

Histological examination of second generation 

manganese-deficient mice reveals alterations in membrane 

integrity of the cell membranes of the pancreatic, renal 

and cardiac tissues (70). The endoplasmic reticulum is 

swollen and irregular. In mitochondria in hepatic, cardiac 

and renal cells, the cristae are elongated and stacked 

(70). There is increased lipid in hepatic and renal tubule 

cells, suggesting oxidative damage (70). 

Manganese-deficiency has occured in a human fed for 

four months a purified vitamin K-deficient diet that was 

inadvertantly manganese-deficient. This individual exper

ienced weight loss, reddening of the hair, slow growth of 

hair and nails, transient dermatitis, and decreased choles

terol, phospholipids and triglycerides in the blood (71). 

Manganese is not readily absorbed. There is 

evidence that low molecular weight ligands such as citrate 

or L-histidine and, perhaps, an active translocation 

process may facilitate absorption (72,73). In the blood, 

manganese is bound in the trivalent state by a beta globulin 

(65). The overall tissue concentration of manganese is very 

low (63). The total amount of manganese in the human body 

is only 10 to 20 mg (65). The thyroid, liver, adrenals, 

kidney, pancreas, brain, bones and testes have a relatively 

higher concentration of manganese compared to other tissues 

(53). Manganese tends to be "stored" as an enzyme cofactor 

or me t al 1 o pr ot e i n , chiefly in the mitochondria or nucleus 
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(71*). A large percent of absorbed manganese is returned to 

the lumen of the intestine; bile flow is the primary route 

of excretion. Excretion also occurs through the pancreatic 

juice, but very little manganese is excreted through the 

kidneys. Manganese homeostasis appears, therefore, to 

involve both abosorption and excretion. Absorption of 

manganese is inversely related to manganese content of the 

diet, and manganese excretion is directily related to 

dietary and tissue manganese levels (63). 

Biochemically, manganese serves as an enzyme 

activator or cofactor for numerous enzymes (65). Host 

manganese activated enzymes are not influenced by manganese-

deficiency because magnesium can substitute in some cases 

or because manganese may be homeostatica 11y conserved. 

Glycosyl transferases, important for synthesis of glycosam-

inoglycans (mucopolysaccharides), are decreased in 

manganese-deficiency and are the presumed biochemical defect 

associated with the characteristic skeletal and cartilage 

abnormalities (75). Manganese also appears to be a catalyt-

ically important metal ion for other key proteins such as 

arginase (76), phosphatidylinositol synthase (77), calmodu

lin dependent protein phosphatase (78) and phosphoenolpyru

vate carboxykinase (79,80). 

Alternatively, manganese can be an integral compo

nent of an enzyme protein. Manganese superoxide dismutase 

is such a manganese metalloenzyme (81). Manganese super-
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oxide dismutase activity is decreased in manganese-

deficiency, possibly resulting in oxidative damage (70). 

Pyruvate carboxylase (82) and glutamine synthetase (83) are 

other manganese metalloenzymes. 

Manganese has several important roles in carbohy

drate metabolism (84). Manganese participates in the 

regulation of fructose 2,6 bisphosphate inhibition of 

fructose 1,6 bisphosphatase (85), is an activator for 

phosphoenolpyruvate carboxykinase (80) and isocitrate 

dehydrogenase (84), and is a component of pyruvate carboxy

lase (80). Manganese promotes gluconeogenesis in perfused 

rat liver (86) and in rat hepatocytes (87). Manganese 

supplementation has been reported to decrease blood glucose 

levels in a diabetic patient (88), and Everson and Shrader 

(89) report dia betic-1ike glucose tolereance curves in 

manganese-deficient guinea pigs. Recent work by Baly and 

co-workers (80,82) further investigates the effects of 

manganese-deficiency on carbohydrate metabolism. Mature 

second generation manganese-deficient rats have elevated 

glucose tolerance curves and decreased pancreatic insulin 

content and output, but first-generation manganese-deficient 

rats do not exibit these abnormalities (82). In addition, 

second-generation manganese-deficiency alters the gluconeo

genic enzymes, pyruvate carboxylase and phosphoenolpyruvate 

carboxykinase (80). Pyruvate carboxylase and phosphoenol 

pyruvate carboxykinase activities are increased from birth 
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to day 3 postnatally in second-generation manganese-

deficient rat pups, but by day 8 are decreased to 60S of 

control values. Plasma glucose is also lower in manganese-

deficient pups on days 1 and 2 postpartum. 

Manganese and Pancreatic Exocrine Function 

Manganese may regulate pancreatic acinar cell 

metabolism. Physiologic concentrations (3 X 10~5 m) of 

manganese increase protein synthesis in isolated acinar 

cells from normal and streptozotocin diabetic rats (90). 

In acini from diabetic rats, this increase is enhanced by 

calcium, yet is independent of the calcium-mobilizing 

secretagogues cho1ecystokinin octapeptide and carbachol. 

This effect is specific for manganese and can not be 

mimicked by magnesium, cobalt, nickel, barium or strontium 

(91). Manganese also stiumlates the release of amylase by 

acini. Abdelmoumene and Gardner (91) report that 2.5 X 

10-1 M to 1 X 10-3 M manganese significantly increase 

amylase release in dispersed guinea pig acini. A maximum 

of four times the basal secretion is achieved by addition 

of 10-3 M manganese. Argent and co-workers (93) find that 

10-3 to 10"2 M manganese stimulates amylase release in 

pancreata isolated from the young rat; a maximum of twice 

basal was achieved with 10-2 M manganese. Manganese 

decreases stimulation of amylase release by secretagoges 

that mobilize cellular calcium including CCK octapeptide, 

carbachol, pancreazymin, bombesin, acetylcholine and 
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caerulein (92,94), but increases stimulation of release by 

secretagogues mediated by cellular cAMP including VIP, and 

secretin (92). 

In vivo, manganese-deficient rats have altered 

pancreatic enzyme activity (95). Amylase activity is 

elevated in rats fed a manganese-deficient diet. After 

eight and ten weeks, amylase activity is 2.0 and 1.1 times 

control values. Lipase and protease activities are not 

significantly altered by manganese-deficiency over a 10 

week period. Manganese repletion does not restore amylase 

activity to control values even though tissue content of 

manganese is fully restored to control values. These 

results indicate that manganese may have a role in the 

regulation of amylase. Manganese may be involved in the 

regulation of amylase synthesis, degradation or secretion, 

but further work is necessary to examine the role of 

manganese in the exocrine pancreas. 



MATERIALS AND METHODS 

Materials 

The following were purchased: Sprague-Dauley 

rats (Harlan); H2SOi|, HNO3 and NH4OH (EM Science, Gibbs-

town , NJ); NaCl, NaOH, and CaCl2 (Fisher Scientific, 

Phoenix, AZ); sodium tauroglycocholate (ICN Pharmaceuti

cals, Plainview, NY); Certified manganese standard solution 

(Markson Science Inc., Del Mar, CA); DL-methionine, soybean 

trypsin inhibitor (STI), bovine serum albumin, gum arabic, 

Triton X100, Sigma Enzyme Control 2E (amylase standard), 

1,4 diaminobenzoic hydrochloride, calf thymus DNA, Folin-

Ciocalteu reagent, porcine chymotrypsin , trypsin, entero-

kinase, benzoyl arginine p-nitroani1ide hydrochloride 

(BAPNA), and glutaryl p-nitroanilide (GPNA) (Sigma Chemi

cals, St. Louis, MO); Phadebas blue starch assay (Pharma

cia, Piscataway, NJ); and casein, AIN mineral mix-76 with 

and without Mn, AIN vitamin mix-76, choline bitartrate, 

cellulose, corn starch and corn oil (U.S. Biochemical 

Corp., Cleveland, OH). Hog Pancreas was a gift from 

Dr. John Marchello, Dept. Animal Sciences, University of 

AZ, Tucson, AZ. 

Animals and Diets 

Weanling male Sprague-Dawley rats were housed 

individually in stainless steel hanging cages in a tempera

22 
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ture and humidity controlled environment with a 12 hour 

dark/light cycle. The rats (average 61.1 +2.2 gms) were 

weight-matched into two groups that were fed for 6 weeks a 

purified high carbohydrate (HC) diet (Table 1) containing 

either 40 ppm manganese (control) or <1 ppm manganese 

( Mn-deficient) . Diet samples were analyzed for manganese 

content as described below. Diet and deionized water were 

provided ad libitum, and food consumption was measured. 

Rats were weighed every two weeks. Both control and 

deficient rats were then subdivided into three weight-

matched groups (average weight 252.2 + 9.1 g) which were 

then fed for 10 days respective control or manganese-

deficient high protein (HP), high fat (HF) or HC diet 

(Figure 1). Analysis showed the manganese content of the 

HC, HF, and HP control diets, and the HC, HF, and HP 

Mn-deficient diets were not different. These diets were 

isoenergetic (Table 1), with 67X of energy from protein 

(HP), fat (HF), or starch (HC). The HC and HF diets were 

also isonitrogenous. Rats were killed in the fed state by 

CO2 inhalation between 900 and 1200 hours to minimize 

variations in pancreatic enzyme contents. Pancreata, liver 

and parotid glands were quickly removed, placed on ice, 

dissected free of fat, and weighed. Pancreatic fragments 

and one parotid gland were immediately frozen on dry ice and 

stored at -80°C. 



30 Weanling Sprague Dawley Rats 

(15) 
Control Diet 
(40 ppm Kn) 

6 wks 

(15) 
Mn-Def Diet 
(<1 ppm) 

6 wks 

10 Days 

T 
Kill by CO2 Asphyxiation 

Remove Pancreas, Liver and Parotids 

FIGURE 1: Experimental Design 
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Table 1. Dietary Composition. 1 

Diet 

Composition HC HP HF 

percent 

wt. kcal wt. kcal wt. kcal 

Casein 20.0 20.7 65.0 67.0 20.0 20.7 

DL-methionine 0.3 0.3 0.3 0.3 0.3 0.3 

Salts2 3.5 0.3 3.5 0.3 3.5 0.3 

VitaminsB 1.0 1.0 1.0 1.0 1.0 1.0 

Choline 
bitartrate 

0.2 - 0.2 - 0.2 -

Cellulose 5.0 - 5.0 - 34.8 -

Corn Oil 5.0 10.4 5.0 10.4 28.9 67.0 

Corn Starch 65.0 67.0 20.0 20.7 11.3 10.4 

^modified from Snook (44) 
^AIN Mineral Mixture 76 
3AIN Vitamin Mixture 76 
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for subsequent analyses of enzyme, protein and DNA content. 

Pancreatic, hepatic and parotid fragments were analyzed for 

manganese by atomic absorption spectrophotometry. 

Manganese Analysis 

Tissue and diet samples were dried at 56°C, digested 

using 16 M nitric acid and heat, and diluted with deionized 

water (95). Samples were analyzed with a Hitachi 180-70 

flame atomic absorption spectrometer using a multi-element 

lamp at 279.5 nm with a 0.4 nm slit. All glassware was acid 

washed with 2M nitric acid and rinsed with deionized water. 

Standards (0-0.1 ppm) were prepared from a certified manga

nese standard solution. Manganese content was expressed as 

ug/g (ppm). 

Enzyme Assays 

Pancreata were homogenized with 9 volumes of cold 

deionized water (4°C) for 30 seconds using a Kinematica CH 

6010 Polytron homogenizer at setting 70% power. Homoge-

nates were centrifuged C»0C) at 15,780g for 30 minutes. 

Aliquots of the supernatant were removed for protease 

analysis, and soybean trypsin inhibitor (ST1) was added to 

a final concentration of 0.01X to the remaining supernatent 

which was then aliquotted for amylase, lipase, protein and 

DNA assays. Amylase activity was assayed immediately after 

homo genization and centrifugation . The remaining aliquots 

were stored at -80° and were later assayed for lipase. 
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trypsin, and chymotrypsin activites, and protein and DNA 

content. 

A modification of the Phadebas blue starch method 

(96) was used to measure amylase activity. A sample of 

homogenate was added to Phadebas blue starch substrate with 

pH 7.0 buffer (50mM POij, 50mM NaCl), and was incubated at 

37*C. Sigma Enzyme Control 2E was used as a standard. At 

ten minutes, the reaction was stopped with 0.2M NaOH. 

Absorption at 620 nm was read using a LKB Ultrospectro-

photometer (96). Lipase activity was analyzed by auto-

titration (52,97,98). A 2ml aliquot of assay solution 

containing 10ml of substrate (5ml olive oil, 41ml of 10% 

wt/vol. gum arabic solution and 4 g ice), 3ml 1.25 M NaCl, 

3ml 0.25 M CaCl2, 3ml 0.22 M sodium tauroglycocholate, 

11ml deionized water and an excess of colipase was titrated 

to pH 9.0 with 0.01 M NaOH; and, a homogenate sample 

was then added. Titrant was added to maintain a pH of 9.0, 

and the rate of titrant addition was used to calculate the 

lipase activity of the sample. To measure protease activi

ties, homogenate samples without STI added were activated 

with 4% enterokinase for one hour (95). Trypsin activity 

was measured by its hydrolysis of benzoyl arginine 

p-nitroani1ide hydrochloride (BAPNA) at pH 8.1 and 37°C 

(99). Substrate was added to homogenate, and the reaction 

was stopped at ten to twenty minutes with 301 acetic acid. 

Chymotrypsin activity was measured by its hydrolysis of 
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glutaryl p-nitroani1ide (GPNA) at pH 7.6 and 37°C (100). 

Substrate was added to homogenate, and the reaction stopped 

at twenty to thirty minutes with 30} acetic acid. Absorp

tion was read at 420 nm for both protease assays (99, 100). 

Protein content was determined by the Lowry method using 

bovine serum albumin as a standard (101). Absorption was 

read at 660 nm. DNA was measured with a microfluorimetric 

technique modified for tissue homogenates using calf thymus 

DNA as a standard (102). Diamino-benzoic acid reagent 

(DABA) was added to oven dried samples which were then 

incubated at 60°C for 30 minutes. Fluorescence was deter

mined on a Perkin-Elmer spectrof1ourometer using the 

following conditions; excitation wavelength 405 nm, slit 

width 2; emission wavelength 520 nm, slit width 4 (102)* 

All enzyme activities are expressed as Units (umoles 

substrate hydrolyzed/min) per g tissue or Units per mg 

protein. 

Parotids were homogenized with 27 volumes of cold 

deionized water (4%) with 0.01% STI. Homogenates were 

centrifuged at 15.780 g for 30 min. Resulting supernatants 

were assayed for amylase, protein and DNA as described 

(96, 101 , 102). 

Statistical Analyses 

All data were expressed as mean + SEM. The data 

were analyzed by Student's T-test and two way analysis of 
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variance (ANOVA) with least significant difference (LSD) 

(103). Chi-squared analysis showed that the parotid 

amylase activities were not normally distributed. There

fore, these data were analyzed by a non-parametric test, 

the Kruskal-Wallis One-way Analysis of Variance by Ranks 

( 103) . 



RESULTS 

Body weights and food intake were similar in 

control and Mn-deficient animals during the first 6 weeks 

(Table 2) and during the 10 day dietary adaptation period 

(Table 3)# irrespective of the major energy source of the 

diet. Weight gain was not affected by manganese-deficiency 

or dietary composition. 

Manganese-deficient diets resulted in decreased 

tissue manganese content. Pancreatic manganese content 

(ug/g) was 46% of HC control in the HC Mn-deficient rats, 

34% of HP control in the HP Mn-deficient rats and 65% of HF 

control in the HF Mn-deficient rats (Figure 2). Pancreatic 

manganese content was also affected by diet with signifi

cantly greater content in HP control (27%) than HC and HF 

control. In Mn-deficient rats, however, pancreatic manga

nese content was significantly greater in HF Mn-deficient 

(64%) than HC and HP Mn-deficient. Hepatic manganese 

content decreased to 22% of HC control in the HC Mn-

deficient rats, 27% of HP control in the HP Mn-deficient 

rats and 60% of HF control in the HF Mn-deficient rats 

(Figure 3)* Dietary composition did not affect hepatic 

manganese content in control HC, HP, and HF rats, but did 

affect manganese content in Mn-deficient rats with signifi-

30 
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TABLE 2. Food Consumption and Body Weight of Control and 
Mn-Deficient Rats.1 

Period Diet 
(weeks) Control Mn-Deficient 

Daily Food Consumption (g/day)2 

1 10.2 + 0.4 11.2 + 1 . 1 
2 14.5 + 1.0 14.7 + 0.8 

3 14.6 + 0.7 14.6 + 0.8 
4 14.7 + 0.5 14.9 + 0.4 

5 15.3 + 0.8 15.3 + 0.7 
6 15.5 + 0.8 16.4 + 1.0 

Body Weight (g) 2 

0 61.3 + 2.5 61.4 + 2.0 
2 140.4 + 6.9 140.1 + 4.8 
4 197.0 + 14.8 205 . 1 + 5.1 
6 253 .3 + 8.5 251 .2 + 9.6 

1 Wean ling male Sprague-Dawley rats were fed control (40 ppm 
Mn) and Mn-deficient (<1 ppm Mn) high carbohydrate (HC) 
diets for six weeks. values represent the mean + SEM 
of 15 rats. Mn-deficient values did not differ significan
tly from the corresponding control value for each parameter 
by Student's T-Test. 
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TABLE 3. Effect of Dietary Composition on Food Consumption 
and Body Weight.1 

Diet Food Intake2 
(g/day) 

Body Weight2 
(g) 

Control: 

Mn-Deficient: 

HC 16.2 + 0.4 269.3 + 7.9 
HP 15.8 + 0.7 277.3 + 11.1 
HF 

a 

14. 4 + 0.5 273.9 + 14.6 

• 

HC 15.8 + 0.3 264.8 + 7.5 
HP 11.7 + 0.7 257.5 + 6.9 
HF 15. 4 + 0.6 280.6 + 10.8 

1Weanling male Sprague-Dawley rats were fed control (40 ppm 
Mn) and Mn-deficient (<1 ppm) high carbohydrate (HC) diets 
for 6 weeks. Then, control and Mn-deficient rats were fed 
for 10 days the respective HC, high protein (HP), or high 
fat (HF) diets. 2ah values represent the mean + SEM of 4 
or 5 rats. Mn-deficient values did not differ signifi
cantly from the corresponding control value for each 
parameter by Two Way ANOVA. 
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Figure 2. Effect of Manganese-Deficiency and Dietary 
Composition on Pancreatic Manganese Levels. 

Weanling rats were fed control or Mn-deficient high carbohy
drate (HC) diets for 6 wks. Rats were then fed respective 
control or Mn-deficient HC, high protein (HP) or high fat 
(HF) diets for 10 days. Values represent the mean + SEM of 
4 or 5 rats. 
abcdvalues not sharing a superscript differed significantly 
(p<0.05) as analyzed by two way ANOVA and LSD. 
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Figure 3. Effect of Manganese-Deficiency and Dietary 
Composition on Hepatic Manganese Levels. 

Weanling rats were fed control or Mn-deficient high carbohy
drate (HC) diets for 6 wks. Rats were then fed respective 
control or Mn-deficient HC, high protein (HP) or high fat 
(HF) diets for 10 days. Values represent the mean +_ SEM of 
4 or 5 rats. 
abcdyaiues not sharing a superscript differed significantly 
(p<0.05) as analyzed by two way ANOVA and LSD. 
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cantly greater content in HF ( 277%) than HC and HP. 

Parotid manganese content decreased to 35% of HC control in 

the HC Mn-deficient rats, 11% of HP control in the HP 

Mn-deficient rats and 11% of HF control in the HF Mn-

deficient rats (Figure 1). Dietary composition altered 

parotid manganese content in both control and Mn-deficient 

rats with increased content in HF control (1.2 fold) 

compared to HC and HP controls and in HC Mn-deficient (2.6 

fold) compared to HC and HP deficient rats. 

Hepatic and parotid weights were comparable among 

HC, HP and HF control and Mn-deficient rats (Table 1). 

Overall, manganese-deficiency resulted in significantly 

lower pancreatic weights (p < 0.0015) than in control 

rats. Dietary composition also affected pancreatic weights 

which were significantly greater ( 1 . H fold) in the HP 

control rats compared to all other diets. Further, dietary 

composition and manganese-deficiency showed a significant 

interaction (p < 0.012) with greater pancreatic weights in 

the HF control (1.2 fold) compared to HC and HP Mn-deficient 

rats. Neither manganese-deficiency nor dietary composition 

significantly altered pancreatic protein or DNA content 

(Table 5). 

Pancreatic enzymes adapted to changes in diet in 

control rats. Pancreatic amylase activity (KU/g pancreas, 

Figure 5) in the HC control rats, and 3.3 fold greater than 
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Figure 4. Effect of Manganese-Deficiency and Dietary 
Composition on Parotid Manganese Levels. 

Weanling rats were fed control or Mn-deficient high carbohy
drate (HC) diets for 6 wks. Rats were then fed respective 
control or Mn-deficient HC, high protein (HP) or high fat 
(HF) diets for 10 days. Values represent the mean + SEM of 
4 or 5 rats. 
abcdya2,ues not sharing a superscript differed significantly 
(p<0.05) as analyzed by two way ANOVA and LSD. 
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TABLE 4. Effect of Manganese-Deficiency and Dietary 
Composition on Organ Weights.1 

Diet Pancreatic Wt Hepatic Wt Parotid Wt 
(g) (g) (g) 

Control: 

HC 0.98 + 0.07bc 10.93 + 0.83 0.25 + 0.07 
HP 1.27 0.07 a 13.16 + 0.75 0.24 + 0.01 
HF 1 .02 ± 0.08b 10.71 + 0.36 0.27 ± 0.03 

Mn-deficient: 

HC 0.83 * 0.06° 11.41 ± 0.83 0.22 ± 0.02 
HP 0.83 + 0.01° 10.72 ± 0.54 0.25 ± 0.05 
HF 0.99 + 0.06b 10.79 ± 0.47 0.22 + 0.05 

1Weanling male Sprague-Dawley rats were fed control (10 ppm 
Mn) and Mn-deficient (<1 ppm) high carbohydrate (HC) diets 
for 6 weeks. Then, control and Mn-deficient rats were fed 
for 10 days the respective HC, high protein (HP), or high 
fat (HF) diets. All values represent the mean + SEM of 1 
or 5 rats. 
abcPancreatic weights not sharing a superscript differed 
significantly (p < 0.05) by Two Way ANOVA and LSD. Values 
for hepatic and parotid weights did not differ signifi
cantly among groups. 
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Table 5. Effect of Manganese-Deficiency and Dietary 
Composition on Pancreatic Protein and DNA Content and 
Protein to DNA Ratio.1 

Diet Protein2 DNA2 ProteinsDNA^ 
(mg/g pancreas) (ug/g pancreas) (mg/ug) 

Control: 

HC 87. 4 + 2.7 130.4 + 14.1 0.70 + 0.077 
HP 105.8 + 6.9 201.1 + 70.0 0.76 + 0.21 
HF 88.9 + 4.1 174.7 + 16.6 0.52 + 0.05 

Mn-deficient: 

HC 92.3 + 1.6 206.4 + 24.8 0.47 0.06 
HP 95.3 + 5.0 134.8 + 19.5 0.76 + 0.10 
HF 93.2 + 3.3 236.0 + 30.8 0.44 + 0.08 

IWeanling male Sprague-Dawley rats were fed control (40 ppm 
Mn) and Mn-deficient (<1 ppm) high carbohydrate (HC) diets 
for 6 weeks, and then fed for 10 days the respective HC, 
high protein (HP), or high fat (HF) diets. All values 
represent the mean + SEM of 4 or 5 rats. 
2values did not differ significantly as analyzed by two way 
ANOVA and LSD. 
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Figure 5. Effect of Manganese-Deficiency and Dietary 
Composition on Pancreatic Amylase Activity. 

Weanling rats were fed control or Mn-deficient high carbohy
drate (HC) diets for 6 wks and were then fed respective 
control or Mn-deficient HC, high protein (HP) or high fat 
(HF) diets for 10 days. Values represent the mean +_ SEM of 
4 or 5 rats. 
abcdyalues not sharing a superscript differed significantly 
(p<0.05) as analyzed by two way ANOVA and LSD. 
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that in the HF control rats. Such adaptation was also seen 

in Mn-deficient rats. Amylase activity (KU/g pancreas, 

Figure 5) in the HC Mn-deficient rats was 1.8 fold greater 

than that in the HP Mn-deficient rats and 3.3 fold greater 

than that in the HF Mn-deficient group. When enzyme 

content is expressed as U/mg protein (Table 6) dietary 

adaptation was still evident, in both control and Mn-

deficient rats. In the HC control rats amylase activity was 

2.5 fold greater than that in the HP control rats and 3.1 

fold greater than that in the HF control rats. In the HC 

Mn-deficient rats, amylase activity (U/mg protein) was 1.9 

fold greater than that in the HP Mn-deficient group and 3.0 

fold greater than that in the HF Mn-deficient group (Table 

6 )  .  

Similarly, lipase activity (KU/g pancreas, Figure 

6) in the HF control rats was 1.7 fold greater than both 

the HC and HP control groups. Again, this adaptation was 

seen in Mn-deficient rats. Lipase activity (KU/g pancreas, 

Figure 6) in the HF Mn-deficient group was 2.7 fold greater 

than the HC Mn-deficient rats and 2.3 fold greater than the 

HP Mn-deficient rats. When expressed as U/mg protein 

(Table 6), lipase activity in HF control rats was 1.6 fold 

greater than HC control rats and 1.9 fold greater than HP 

control rats; lipase activity in HF Mn-deficient rats was 

2.7 fold greater than HC Mn-deficient rats and 2.3 fold 

greater than HP Mn-deficient rats. 
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Table 6. Effect of Manganese-Deficiency and Dietary Composi
tion on Pancreatic Enzyme Activities. 1 

Diet Amylase Lipase Trypsin Chymotrypsin 
(U/mg (U/mg (KU/mg (U/mg 
protein) protein) protein) protein) 

Control: 

HC 
HP 
HF 

170.2+5.63 
69.1+7.7° 
50.5+1.3° 

10.5+1 . 9bc 

9 . 0 + 1 . 1 °  
1 6 . 7 + 1  . 6 b  

1 .34 + 0.17b 

2.10+0.28a 

1 .13+0.17b 

3.65 + 0.1ab 

2.37+0.2° 
1.16 + 0.6a 

Mn-deficient: 

HC 199.3+17.1a 

HP 107.1+11.6b 

HF 67.2+ 7.1° 

1 0 . 6 + 1 . 5 b c  

12.2+1.7bc 

28.1+3.8a 

1.27±0.06b 

2.36+0.22a 

1.21+0.11b 

3.88+0.3ab 

2 . 9 2 + 0 . 1 b c  

4.16 + 0.5a 

^Weanling male Sprague-Dawley rats were fed control (10 ppm 
Mn) and Mn-deficient (<1 ppm) high carbohydrate (HC) diets 
for 6 weeks and then, were fed for 10 days the respective 
HC, high protein (HP), or high fat (HF) diets. All values 
represent the mean +_ SEM of 1 or 5 rats. 
abcdvalues in a column not sharing a superscript differed 
significantly (p<0.05) when analyzed by two way ANOVA and 
LSD. 
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Figure 6. Effect of Manganese-Deficiency and Dietary 

Composition on Pancreatic Lipase Activity. 

Weanling rats were fed control or Mn-deficient high carbohy
drate (HC) diets for 6 wks and were then fed respective 
control or Mn-deficient HC, high protein (HP) or high fat 
(HF) diets for 10 days. Values represent the mean + SEM of 

1 or 5 rats. 
abcdvalues not sharing a superscript differed significantly 
(p<0.05) as analyzed by two way ANOVA and LSD. 



4 3  

Trypsin activity (KU/g pancreas, Figure 7) in HP 

control rats was 1.9 fold greater than HC control rats 

and 1.7 fold greater than HF control rats. Manganese-

deficient rats also adapted to dietary protein. Trypsin 

activity (KU/g pancreas) was 1.9 fold greater in HP Mn-

deficient rats than either HC and HF Mn-deficient rats. 

When expressed as U/mg protein (Table 6) trypsin activity in 

HP control rats was 1.6 fold greater than HC control rats 

and is 1.5 fold greater than HF control rats; trypsin 

activity in HP deficient rats was 1.9 fold greater than HC 

Mn-deficient rats and 2.0 fold greater than HF Mn-deficient 

rats. 

Chymotrypsin activity (U/g pancreas, Figure 8) 

decreased in rats fed HP control diets to 73% of HC 

controls and 64% of HF controls. Similarly, in Mn-deficient 

animals, chymotrypsin activity in HP Mn-deficient rats was 

781 of HC Mn-deficient rats and 71% of HF Mn-deficient rats. 

When expressed as U/mg protein (Table 6) chymotrypsin 

activity in HP control rats is 65% of HC control rats and 

57% of HF control rats; in HP Mn-deficient rats, chymo

trypsin activity is 75% of HC Mn-deficient rats and 70% of 

HF Mn-deficient rats. 

Manganese-deficiency, irrespective of dietary 

composition, increased pancreatic amylase activity 

(p<0.005). When expressed as U/gm pancreas (Figure 5), 

amylase activity was significantly (p<0.05) greater (1.2 
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Figure 7. Effect of Manganese-Deficiency and Dietary 
Composition on Pancreatic Trypsin Activity. 

Weanling rats were fed control or Mn-deficient high carbohy
drate (HC) diets for 6 wks and were then fed respective 
control or Mn-deficient HC, high protein (HP) or high fat 
(HF) diets for 10 days. Values represent the mean + SEM of 
1 or 5 rats. 
abcdvaiues not sharing a superscript differed significantly 
(p<0.05) as analyzed by two way ANOVA and LSD. 
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Figure 8. Effect of Manganese-Deficiency and Dietary 
Composition on Pancreatic Chymotrypsin Activity. 

Weanling rats were fed control or Mn-deficient high carbohy
drate (HC) diets for 6 wks and were then fed respective 
control or Mn-deficient HC, high protein (HP) or high fat 
(HF) diets for 10 days. Values represent the mean + SEM of 
M or 5 rats. 
abcdyalues not sharing a superscript differed significantly 
(p<0.05) as analyzed by two way ANOVA and LSD. 
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fold) in HC Mn-deficient rats, significantly (p<0.05) 

greater (1.4 fold) in HP Mn-deficient rats, but not signifi

cantly greater (1.4 fold) in the HF Mn-deficient rats 

compared to respective control groups. When amylase 

activity was expressed as U/mg protein (Table 6) amylase 

activity was slightly but not significantly (1.2 fold) 

greater in the HC Mn-deficient rats, significantly (p<0.05) 

greater (1.6 fold) in the HP Mn-deficient rats and signifi

cantly (p<0.05) greater (1.3 fold) in the HF Mn-deficient 

rats (p<0.05) than the respective controls. 

Further, HF Mn-deficient rats had a greater lipoly

tic adaptative response than HF controls (Figure 1). 

Lipase activity (U/g pancreas) was 180% greater in HF 

Mn-deficient rats than HF control rats (p<0.05). Lipase 

activity, however, was similar in both HC Mn-deficient and 

control rats. Comparable effects were seen when data was 

expressed as U/mg protein (Table 6). Trypsin and chymo-

trypsin activities (U/g pancreas, Figures 7 and 8, or U/mg 

protein, Table 6) were similar between respective HC, HP 

and HF control and deficient groups. 

Neither dietary composition nor manganese-deficiency 

significantly altered salivary amylase activity (Table 7). 

Parotid protein (mg/gm) and DNA (ug/gm) contents and protein 

to DNA ratio (mg/ug) were comparable for all groups (Table 

7). 
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TABLE 7. Effect of Manganese-Deficiency and Dietary 
Composition on Parotid Amylase Activity, Protein Content, 
DNA Content and Protein to DNA Ratio. 1 

Amylase 
Diet Activity2 Protein3,4 DNA3»4 Protein:DNA 

(mU/mg (mg/g) (ug/g) (mg/ug) 
protein) 

Control: 

HC 13.8 + 8.3 101 .3 + 5 .5 292.9 + 50.8 0. 382 + 0.06 

HP 17.1 + 7.4 98 .3 + 1 .7 217.6 + 22.5 0.448 + 0.04 
HF 157.4 + 141. 2 81 .7 + 8 .9 236.2 + 36.2 0.362 + 0.03 

Mn-deficient: 

HC 69.3 + 69.4 94 .8 + 1 .9 215.3 + 14.6 0.448 + 0.03 
HP 550.4 + 449. 4 81 .5 +_ 2 .8 217.6 + 16.0 0.394 + 0.03 
HF 291.7 + 259. 1 92 .5 + 5 . 1 216.0 +_ 28.3 0.450 + 0.04 

1Weanling male Sprague-Dawley rats were fed control (40 ppm 
Mn) and Mn-deficient (<1 ppm) high carbohydrate (HC) diets 
for 6 weeks. Then, control and Mn-deficient rats were fed 
for 10 days the respective HC, high protein (HP), or high 
fat (HF) diets. All values represent the mean + SEM of 1 
or 5 rats. 
2 Values did not differ significantly among groups by 
Kruskal-Wallis nonparametric One Way ANOVA). 
3values did not differ significantly as analyzed by 2 way 
ANOVA and LSD. 
''Values expressed as mg or ug per g parotid, wet weight. 



DISCUSSION 

Some trace mineral deficiencies, such as copper-

and zinc-deficiencies result in severe inappetence and 

weight loss. Previous work by Brannon and co-workers (95) 

and by Hurley's group (80,82) demonstrate that first 

generation manganese-deficient rats do not have decreased 

food intake or growth. Body weight, organ weight, food 

consumption and pancreatic protein and DNA contents in this 

study agreed with these previous findings. Further, 

dietary composition did not alter food intake. The high 

carbohydrate, high fat and high protein diets were isoener-

getic so each group had a similar energy intake. Effects 

seen in this study are, therefore, due to dietary macro-

nutrient composition or manganese content and not caloric 

intake. 

Manganese-deficient diets produced tissue manganese 

depletion which paralleled findings by others. Brannon and 

co-workers also saw a decrease in pancreatic manganese to 

4 6 X  o f  c o n t r o l  a n d  a  d e c r e a s e  i n  h e p a t i c  m a n g a n e s e  t o  2 2 %  

of control when male weanling rats were fed for eight weeks 

the same manganese-deficient high carbohydrate diet used in 

this study (95). Baly and co-workers (82) report that male 

rats fed a manganese-deficient (1 ug Mn/g) high carbo

hydrate (5-4.5% glucose) diet for 3 months had hepatic 

M8 
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manganese contents 149 of controls and pancreatic manganese 

contents 30} of controls. Second generation manganese-

deficient rat pups have hepatic manganese contents 25% of 

controls and pancreatic manganese contents of controls 

(82). Tissue manganese levels are comparable in manganese-

deficient offspring and first generation manganese-deficient 

rats. Effects seen in second generation manganese-deficient 

rats, but not in first generation deficient rats, are most 

likely due to developmental effects and not to further 

manganese depletion. 

The HP control group had a 27% greater pancreatic 

manganese content than the HC and HF control groups. There 

is no apparent explanatation for this phenomenon. In the 

Mn-deficient groups, pancreatic and hepatic manganese 

content was greater in the HF Mn-deficient rats than in the 

HC or HP Mn-deficient rats. Possibly, hepatic manganese is 

conserved by gluconeogenic enzymes. Pyruvate carboxylase is 

a manganese metalloenzyme and ph">£ phoenolpyruvate carboxy-

kinase requires manganese for activation (80). Pancreatic 

manganese may also be conserved for a specific function. 

In contrast to hepatic and pancreatic manganese stores, 

parotid manganese levels were 23% higher in the HF control 

group compared to the HC and HP control groups. In the 

Mn-deficient groups, manganese levels were three times 

higher in the HC Mn-deficient than the HP and HF 

Mn-deficient groups. 
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In manganese-deficiency, manganese levels were 

depressed to a lesser extent in the pancreas (34%-65% of 

control) than the liver (22%-60% of control) or especially 

the parotid glands (11%-35% of control). This may repre

sent a homeostatic mechanism in which manganese is con

served in the tissues it is needed. It is interesting that 

parotid manganese is not conserved in HF compared to HC and 

HP Mn-deficient rats. Conservation of pancreatic manganese 

when rats are fed high fat Mn-deficient diets may indicate 

a possible role for manganese in the exocrine pancreas. 

Pancreatic amylase in both control and manganese-

deficient rats adapted to changes in diet consistant with 

Snook's results (41). Amylase activity (U/gm pancreas) in 

HC Mn-deficient rats was 1.8 fold and in HC control rats was 

2.1 fold greater than respective HP fed rats. Snook 

reports amylase activity (U/gm pancreas) is 1.8 fold 

greater in rats fed isoenergetic diets high in starch (67% 

of calories) than high in casein (67% of calories) and is 

1.3 fold greater in rats fed isoenergetic diets high in 

sucrose (67% of calories) than high in corn oil (67% of 

calories). 

Pancreatic lipase in both control and Mn-deficient 

rats also adapted to changes in diet, in agreement with 

Snook (44) and Sabb and co-workers (52). Lipase activities 

(KU/g pancreas) in the HF control and Mn-deficient group 

were 1.7 and 2.7 fold greater than respective HC groups. 
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Snook reports lipase activity (U/gm pancreas) is 1.2 fold 

greater, and Sabb and co-workers found lipase activity 

(U/mg protein) 1.8 fold greater in rats fed isoenergetic 

diets high in corn oil (671 of calories) compared to high 

in sucrose (67% of calories). Lipase activities in the HF 

control and Mn-deficient group are 1.7 and 2.3 fold greater 

than respective HP groups. 

Trypsin activity (KU/g pancreas) in the HP control 

group was 1.9 fold greater than the HC controls and 1.7 fold 

greater than the HF controls. Trypsin activity was 1.9 fold 

greater in HP Mn-deficient rats than either HC or HF 

Mn-deficient rats. Snook found trypsin activity (U/gm 

pancreas) is 1.8 fold greater in rats fed isoenergetic 

diets high in casein (67% of calories) than high in starch 

(67? of calories) (14). 

Chymotrypsin activity was depressed in HP Mn-

deficient and control groups relative to respective HC and 

HF groups. This is in contrast to what has been reported 

by others (35,36,14) and is not readily explainable. 

In work with isolated rat pancreatic acinar cells 

(90,91) Korc found that physiological levels of manganese 

increased protein synthesis. As dietary manganese-

deficiency leads to depletion of pancreatic manganese, it 

could be hypothesized that manganese-deficiency would 

decrease pancreatic enzyme content. However in this study 

amylase activity was elevated, lipase activity was elevated 
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in rats fed high fat Mn-deficient diets and protease activi

ties were not affected by manganese-deficiency. This 

suggests a role for manganese in regulation of amylase and 

perhaps lipase activities. There is no evidence for a role 

for manganese in regulation of proteases. 

Overall manganese-deficiency resulted in elevated 

pancreatic amylase activity (p < 0.005). Brannon and 

co-workers (95) report that rats fed high carbohydrate 

manganese-deficient diets had two fold elevation of amylase 

activity (U/mg protein) after eight weeks of deficiency. 

In the present study, amylase activity (U/mg protein) in 

Mn-deficient rats was elevated only 1.2 fold over control 

rats. Amylase activity in control rats was higher (170 

U / m protein) in the present study compared to the former 

study (127 U/mg protein), while amylase activity in Mn-

deficient rats was lower (199 U/mg protein) in the present 

study compared to that (252 U/mg protein) in the previous 

study. These differences may be due to variation in 

substrains of rats, as the rats for the two studies were 

purchased from different breeders. 

Ilanganese-deficiency could increase amylase content 

by influencing amylase secretion, synthesis or degradation. 

A decrease in amylase secretion would lead to increased 

pancreatic amylase levels, however, this is not a likely 

mechanism for increased pancreatic amylase content. Pancre

atic enzymes are secreted in parallel ( 13) » and trypsin and 
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chymotrypsin levels were not affected by manganese-

deficiency. Further, as noted by Collins (10H), impairment 

of pancreatic secretion would lead to malnutrition. M n -

deficient rats in this study had normal growth. 

Increase of amylase synthesis during manganese-

deficiency is a more plausible mechanism for increased 

amylase in manganese-deficiency. Effects of manganese on 

amylase synthesis need to be investigated. Rates of 

amylase synthesis in manganese-deficient rats could be 

measured by incorporation of radio labelled amino acids and 

separation by two-dimensional IEF/SDS-gel electrophoresis 

(3) and by measurement of amylase mRNA levels (40). 

Alternatively, decreased degradation of amylase 

in manganese-deficiency could increase pancreatic amylase 

levels, although it is believed that intracellular catabo-

lism of pancreatic proteins is limited (57). There is no 

direct method for measuring intracellular amylase catabo-

lism, so investigation of effects of manganese on amylase 

degradation would be difficult. If manganese regulated 

amylase degradation, that would indicate that degradation, 

as well as synthesis, is involved in dietary adaptation of 

pancreatic amylase. 

It is difficult to postulate a metabolic mechanism 

by which manganese could regulate amylase synthesis or 

degradation based on the experimental evidence at hand. 

Manganese could have a direct effect on amylase synthesis 
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or degradation or could regulate a protein or metabolite 

which controls amylase regulation. Glucose and insulin are 

believed to be involved in regulation of amylase. Despite 

a normal glucose tolerance curve (82), first generation 

manganese-deficient rats may have altered glucose metabo

lism which could influence amylase regulation. Baly and 

co-workers (80) also found that plasma insulin levels 

following an oral glucose load were depressed in first 

generation manganese-deficient rats. These changes in 

carbohydrate metabolism brought about by manganese-

deficiency may represent an important step in regulation of 

amylase levels. Possible alterations in gluconeogenesis in 

first generation manganese-deficiency have not been investi

gated. Levels of pyruvate carboxylase and phosphoenolpyru

vate carbox ykinase, in manganese-deficient rats could be 

measured. Gluconeogenesis in manganese-deficiency could be 

investigated using perfused rat livers similar to the 

experiments conducted by Mangall and coworkers (86) or 

with isolated hepatocytes as done by Rognstad (87) from 

manganese-deficient rats. 

Manganese-deficient rats also had greater adapta

tion of pancreatic lipase to HF diets, even though lipase 

activity was similar in both HC and HP fed control and 

Mn-deficient rats. Previous work by Brannon and co-workers 

(95) shows that lipase acivity was not affected by 

manganese-deficiency when rats were fed high-carbohydrate 
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diets. Manganese-deficiency appears to enhance the dietary 

adaptation of lipase to fat. Again, it is difficult to 

postulate a metabolic mechanism for this enhancement based 

on present data. 

Bazin and Lavau (51) report that a high fat, low 

carbohydrate diet decreased the ability of the acinar cell 

to metabolize glucose by reducing the glucose transport 

rate. As previously discussed, manganese also alters 

glucose metabolism. Manganese promotes gluconeogensis, and 

manganese-deficiency depresses insulin. This evidence 

suggests a synergistic mechanism in which manganese-

deficiency could alter glucose metabolism and, thereby, 

enhance lipase adaptation to high fat diets. 

Fatty acids and ketones are proposed regulators 

of lipase adaptation (50). The effect of manganese-

deficiency on blood ketones has not been investigated. 

There is an increased need for gluconeogenesis in animals 

fed high fat diets. A decrease in blood glucose due to 

impaired gluconeogenesis in manganese-deficiency could 

increase ketosis and lipase adaptation. However, blood 

glucose is not altered in first generation manganese-

deficient rats. Investigation of gluconeogenesis in 

manganese-deficiency as described above, as well as the 

effect of manganese-deficiency on ketosis would also 

further clarify the role of glucose and manganese in lipase 

regulation. Further studies investigating synthesis and 
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degradation of lipase, as described for amylase also need to 

be conducted. 

Manganese-deficiency did not alter trypsin or chymo-

trypsin relative to controls. This is consistant with 

previous data for rats at eight weeks manganese-deficient 

(95). 

Salivary amylase activity did not appear to be 

significantly influenced by macronutrient composition of 

the diet or by manganese-deficiency. This evidence may 

support a specific role for manganese in the exocrine 

pancreas. There were, however, 100 fold variations in the 

values for salivary amylase activities. Because this data 

was not normally distributed, it could not be analyzed with 

two way ANOVA. The salivary amylase data were analyzed 

with a non-parametric test, the Kruskal-Wa11is One-Way 

Analysis of Variance by Rank (104). The variation of 

salivary amylase may reflect that rats were killed in the 

fed state to avoid fasting effects on pancreatic amylase 

(26). However, rats could have experienced different 

intervals between the time of killing and last eating that 

could have resulted in the wide variation in parotid 

amylase content. Use of non-parametric analysis enabled 

evaluation of the data despite the wide variation. Future 

studies need to examine the effects of manganese-deficiency 

on parotid amylase in fasted animals in order to decrease 

the variability of amylase and to provide more conclusive 
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data. 

This work with manganese also sheds new light on 

regulation of pancreatic enzyme synthesis and dietary 

adaptation. Manganese-deficiency influences amylase and 

lipase activities but not protease activities, indicating 

separate regulatory mechanisms for the exocrine proteins. 

Manganese-deficiency enhances the adaptive increase in 

lipase but not the adaptive decrease in amylase in rats fed 

high fat diets, which suggests separate mechanisms for these 

adaptive responses. 



CONCLUSIONS 

Manganese-deficiency did not alter pancreatic 

dietary adaptation. In both control and Mn-deficient rats, 

HC diets increased amylase activity; HP diets increased 

trypsin activity; and HF diets increased lipase activity. 

Confirming a previous report, manganese-deficiency did 

increase amylase activity compared to control rats. 

Manganese-deficiency, however, did enhance the adaptation 

of lipase activity to dietary fat. M either Mn deficiency 

nor dietary composition influenced salivary amylase activi

ty. These results suggest a tissue specific role for 

manganese in the regulation of pancreatic amylase and 

an interaction between fat metabolism and manganese-

deficiency that enhances the adaptation of lipase. 

5 8  
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