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EFFECTS OF DIETARY WNC MANIPULATION 
ON INSULIN ACTION IN TYPE 2 DIABETES MELLITUS: 

A STUDY IN THE db/db MOUSE 

S.F. Simon, MSc. Thesis, Department of Foods and Nutrition 

Type 2 diabetes mellitus (DM-2) is a chronic disease charactenzed by disturbances 

in insulin action. Recent evidence suggests that environmental factors, such as nutrition, can 

play a profound role in modulating both the initiation and progression of the disease. One 

of the possible nutritional factors that may influence diabetic pathogenesis is zinc. Zinc is 

crucial to pancreatic insulin storage and animais deficient in zinc exhibit a higher degree of 

insulin resistance, impaired jlucose tolerance, and reduced insulin secretion. Diabetic 

animal models and humans also display an excessive urinary zinc excretion (hyperzincuria), 

with no compensatory increases in intestinal absorption of zinc. The hyperzincuria may 

induce a zinc deficiency, as diabetic patients have depressions in serum and pancreatic zinc 

concentrations and diabetic animal models have whole body maldistributions of zinc. 

The objective of this thesis was to investigate the effects of dietary zinc deficiency 

and zinc supplementation on diabetic parameten in db/db mice, a genetic mode1 for DM-2. 

Weanling db/db mice and their lean littermate controls (db/m) were fed zinc deficient (dbZD 

or M D ) ,  zinc adequate control (dbC or lnC), or zinc supplemented (dbZS or InZS) diets (3, 

30, 300 ppm zinc, respectively) for 6 weeks. At 10 weeks of age, mice were assessed for 

zinc status (serum, femur, pancreas, kidney), semm (glucose, insulin) and urinary (glucose, 

protein, zinc) indices of diabetes, as well as skeletal muscle (gastrocnernius) insulin receptor 

concentrations and tyrosine kinase activity. 



After the 6 week feeding triai, the db/db genotype exhibited signincantiy higher body 

weight, glycemia, insulinernia, and glycosuria compared to d b h  mice. The db/db group also 

had a significantiy lower pancreatic zinc concentration and a higher urinary zinc 

concentration. Dietary treatment influenced DM-2 s t a t u  as zinc supplemented diabetics 

(dbZS) maintained a significantly lower s e m  glucose concentration than the dbZD group 

(498.1 -i 74.3 vs. 344.5 = 5 1 .O rng/dl, respectively). in contrast, senun glucose concentration 

was elevated in the dbZD compared to dbC groups (498.1 i 71.3 venus 421.9 = 62.5 mg/dl, 

respectively). These serum glucose concentrations were clearly reflective ofbody zinc status, 

as there was a significant negative correlation (r = -0.3 7770; P = 0.0 149) between fernur zinc 

and senun glucose concentrations. The dbZS group aiso had a significantly lower body 

weight and plasma insulin concentration. as well as a repletion of pancreatic zinc 

concentration to lem conuol values. These findings suggest that addition of zinc to the diet 

may restore peripheral glucose disposa1 and/or lessen excessive insulin secretion fiom the 

pancreas. However, insulin receptor concentration and tyrosine kinase activity were 

unaltered in db/db and db/m groups. The results of this study reveal that zinc influences the 

senun glucose concentration of genetically diabetic mice and that supplernentation may offer 

a role in ameliorating diabetic s i ~ s .  
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1. Literature Review 

Introduction 

Diabetes mellitus (DM) is a chronic disease in which excessive quantities of glucose 

are retained in the bloodstream (Kahn. 1994). The hormone insulin. through its synthesis 

and secretion in the pancreas, normally operates to regulate Buctuating levels of blood 

glucose. In diabetes, this homeostauc rnechanism does not operate properly. High blood 

glucose concentrations in diabetes result either tiom an insufficiency of insulin (DM- 1) or 

fiom a cellular resistance to the actions of insulin (DM-2) (Kahn, 1994). DM-2, the focus 

of the present midy, is a common and chronic aduit-onset f o m  of diabetes that is initially 

characterized by hyperjlycemia and compensatory hyperinsulinernia. Without proper 

management, DM-2 ofien leads to senous complications such as coron. heart disease, 

rend failure, blindness, limb amputations, neurological complications and premature 

death (Knowler et al., 1995). Behavioural and dietary modifications are increasingly 

being recognized as crucial tools for prevention. Dietary modifications generally focus 

on the macronutnents, however, trace mineral nutrition may play an important role. 

Despite current knowledge about potential interrelationships between zinc, diabetes 

and insulin action, there is still little information available from the literanire as to the 

potential benefits of zinc supplementation in diabetes. Thus, it is the purpose of this 

chapter and of this thesis to explore potential relationships between diabetes and zinc 

metabolism, as well as to investigate the influences of both zinc deficiency and zinc 

supplementation in an animal mode1 of DM-2. 



DM-2: Epidemiological Aspects 

DM-2 is a disease which is encountered in Wnially every part of the world. In 

indusaialized countries, DM-2 is vimially absent in the young, but increases 

progressively in both sexes to peak at 10% of the population by 70 years of age (Laakso 

& Pyoralii, 1985). 

DM-? appears to have both genetic and environmental determinants. Its genetic 

component can be seen by its higher incidence in specific ethnic groupings, such as in 

Native Arnerican and Polynesian populations (Ekoe, 1985). Another commonality 

amongst these groups is the relationship between DM-2 and obesity. Obesity is very 

common in D M 2  patients and the incidence of DM-2 has been shown to increase 

strongly with increasing weight or body rnass index (BEVII) (Knowler et al., 1990). Most 

populations with a high prevalence ratio for DM-2 also have a high prevalence ratio for 

obesity (Le. Pima Indian populations of Mzona; Mexican Amencans) (Knowler et al., 

1 990). 

While DM-2 clearly displays a genetic component, diet and iifestyle can still have 

significant impact. Marshall et al. (1994) found that the limitation of dietary fat may 

decrease the nsk of progression toward DM-2. This emphasizes that diet and iifestyle 

may play an important role in the initiation and progression of DM-?. 
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Insulin Action and DM-2 

D M 2  is a chronic disorder of insuiin action lnsulin accelerates glucose hansport in 

muscle and adipose tissue, regdates activities of intracellular enzymes and regulates the 

transcription of selected genes (Taylor et al., 1994). Disturbances in insulin action cm 

influence the disposal of glucose and proteins into tissues (Taylor et al, 1994), as well as 

produce abnormalities in fat metabolism (Groop et al., 1989). For the purposes of this 

literature review, the primary focus will be the effects of DM-2 on glucose metabolism. 

Glucose metabolism is tightly regulated by a nurnber of interrelated mechanisms. 

Glucose homeostasis is dependent on three processes that must occlx in a coordinated 

fashion in the body. 

i) Insulin Secretion 

Insulin is synthesized and stored in the secretory granules of the pancreatic p-celis, 

from where it is continually secreted into the pond circulation. Insulin secretion is 

connolled by multiple signals which include substrate availability, hormone 

concentrations, and autonomie nervous system activity (Taylor et al., 1994). Extracellular 

glucose and amino acids are the principle regdators of insulin secretion (Pfeifer et al., 

198 1). In the early stages of DM-2, insulin is secreted in excess to compensate for high 

concentrations of circulating glucose (DeFronzo, 1992). Over time, hyperinsulinemia 

rnay subside as pancreatic insulin responses to glucose diminish. The result is often a 

need for exogenous insulin administration to maintain normoglycemia (Taylor et al., 

1 994). 



ii) Glucose Uptake or Disposal 

Peripheral tissues (muscle and adipose) contain insuiin receptos that ultimately signal 

the carrier-mediated uptake of glucose into the ce11 from the bloodstream. Glucose 

uptake is dependent on a number of mechanisms including hormone-receptor 

concentrations, hormone-receptor affinity, and glucose transporter concentration and 

hinction (Crettaz & Jeanrenaud, 1980). In DM-2, an inadequate or impaired cellular 

response to insulin is termed insulin resistance. Resistance to insulin is considered one of 

the primary precursor disturbances evident before the clinical diagnoses of DEVI-2 (Taylor 

et al., 1994). 

iii) Suppression of Hepatic Glucose Production 

The third mechanism in which insulin participates in glucose homeostasis is in the 

suppression of hepatic glycogenolysis and gluconeogenesis (Consoli et al., 1989). In 

DM-2, there is a resistance to hepatic glucose suppression. Hepatic resistance to insulin 

contributes to an excessive basal output of glucose by the liver, therefore exacerbating 

hyperglycemia (DeFronzo, 1987). However, excess hepatic glucose released accounts for 

only a small percentage of the defect in whole body glucose metabolism. Impaired 

disposa1 of glucose into peripheral tissues is considered primary (DeFronzo, 1987). 



The Progression Towards DM-2 

The defects in endocrine function that cause or precede DM-2 are thought to be 

insulin resistance and insulin deficiency. It is clear that DM-2 patients are resistant to the 

actions of instdin. Patients show a diminished response to both endogenous and 

exogenous insulin in al1 target tissues (DeFronzo, 1992). However, it has been proposed 

that insuiin deficiency (due to decreased pancreatic insulin secretion) may exacerbate 

underlying insulin resistance. This is known because aggressive insulin replacement 

therapy can markedly increase insulin action in vivo (Garvey et ai.. 1985). 

The initiating events in the progression towards DM-2 can be described to occur in 

distinct phases (see Figure 1). As obesity is a commonly associated risk factor for DM-?, 

obese subjects are presented against those of normal weight for each phase. The initial 

stage leading to DM-2. the obese NGT (normal glucose tolerance) state is that of an 

essentially normal glycemic response to insulin secretion. Obese subjects show a slightly 

elevated insulin secretion to maintain normoglycemia. In Obese IGT (impaired glucose 

tolerance), obese subjects exert a very elevated insulin secretory response to maintain 

near nomal  glycemic concentrations. Presumably as insulin resistance increases, 

subjects progress from impaired glucose tolerance to clinical DM-2. This, in initial 

stages, is defined as hyperglycemia with hyperinsulinemia. This increase in insulin 

resistance, which is discussed more fully in following sections, results frorn various 

possible changes in insulin, insulin receptor binding a d o r  alterations in the insulin 

signal transduction pathway. These changes that cause insulin resistance rnay be fully 

due to genetics, or diet, or both. In the 1 s t  phase of DM-2, subjects can no longer 



O ! r i i i i ,  
O 60 120 180 

Time (min) 

Obese NGT 

i Obese IGT 

1500 , O bese hyperinsul. 

Obese hypoinsul. 

Time (min) 

Figure 1. Phase Events in the Progression Towards DM-2 

Adapted frorn: Felber et al. (1% 1) 

* = p < O . O j  **=p<O.Oz ***= p < 0.00 1 
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maintain hyperstimulation of the pancreatic islet cells, and insulin secretion drops 

dramaticdy. This phase, often termed p-ce11 exhaustion or glucose toxicity, requires 

exogenous insulin administration to maintain normoglycemic concentrations (Taylor et 

ai., 1994). 

Molecular Mechanisms in Insulin Action 

Insulin resistance is clearly one of the prirnary events leading to clinical DM-?. At 

the cellular level, there are three distinct processes that influence or interfere with insulin 

action. Insulin receptor binding, signal tranduction events, and the biological signai 

responses al1 determine the magnitude of insulin action. 

i) Insulin Binding to the Insulin Membrane Receptor 

The insuiin receptor is a heterotetrameric transmembrane glycoprotein composed of 2 

a and 2 p -subunit structures (Myers and White, 1993). The extracellular a-subunits 

contain the insulin binding domain, while the P-subunits span the extracellular, 

membrane and intracellular dornains (see Figure 2). 

The adequate binding of insulin to its receptor is influenced by the concentration of 

circulating insulin, the concentration of receptors and the affïnity of the receptor for 

insulin (KahnJ99.1). i n  DM-2 and other insulin resistant States such as obesity, higher 

concentrations of circulating insulin will decrease insulin receptor concentration in a 

dose-dependent manner in a process known as 'dom-regulation' (Gavin et al 1974). The 

concept that insulin directly influences the concentration of its own receptors has been 



1 Substrate 1 1 Substrate 1 - 

lnsulin action 

Figure 2: Insulin Binding to the Transniembrnne Insulin Receptor 

Adnpted from: Kahn and White (1988) 
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confirmed both in vitro and in vivo (Gavin et al., 1974; Kobayashi et al., 1978). This 

cycle of lower receptor concentration with higher insulin concentrations can be 

exacerbated by a decrease in &ity of the insulin hormone for its receptor (Kahn, 1994). 

However, indications are that these States may be transient and can revert to normal when 

initial conditions are restored. In a study by Bathena et al. (1986), rats fed a high-fat diet 

deveIoped insulin resistance due to lower insulin receptor numbes and binding affinity, 

which were then restored to normal with a standard diet. 

ii) Transformation of Binding to Signal Transduction 

Post-receptor binding events may be another source of insulin resistance in DM-2. 

When insulin binds to the a-subunit of its receptor, a conformational change in the 

receptor results in the autophosphorylation of tyrosine residues on the P-subunits and 

activation of tyrosine kinases (see Figure 2). ï E s  leads to the transfer of phosphate 

groups fiom ATP to multiple tyrosine, serine and threonine residues on the insulin 

receptor itself, as well as phosphorylation of intracellular substrate proteins (Rosen, 1987; 

Myers & White, 1993). 

Considerable evidence suggests that the tyrosine kinase activity of the insulin receptor 

is crucial for proper insulin signalling. Naturally occming mutations of the insulin 

receptor that inhibit kinase activity and biock autophosphorylation are associated with 

severe insulin resistance (Odawara et al., 1989). In cultured cells, insulin receptors with 

point mutations that destroy ATP binding and thus kinase activity also show no signalling 

activity (McClain et al., 1987). Decreases in insulin receptor autophosphorylation and 



receptor tyrosine kinase activity have dso been reported in DM-2 patients (Freidenberg et 

al., 1987). Thus, initial insulin stimuiated phosphorylation events are crucial for the 

activation of the downstream insulin cascade. 

iii) Biological Effectors in the Insuiin Cascade 

Insulin stimulates the transport of sugars, arnino acids, and ions across the plasma 

membrane of certain target tissues such as muscle and adipose (Pfeifer et al.. 198 1). One 

of the major actions of insulin in insulin sensitive tissues is the stimulation of glucose 

transport across the plasma membrane. The hydrophilic glucose molecule uses carrier- 

mediatrd passive transport proteins to gain enû-y into cells (Barnard & Youngren, 1992). 

The transport proteins have a succession of hydrophilic and hydrophobic domains which 

insert into membranes to create a pore through which glucose can be transported. 

Stimulation by insulin translocates the glucose transporters from a microsomal pool to the 

plasma membrane (Barnard & Youngren. 1997). In a state of insulin resistance and DM- 

2, this microsomal pool of transporters appears to be unaltered (Scheck et al., 199 1). It 

appears that defects responsible for insulin resistance in DM-2 are a result of upstream 

signal events. 

The Role of Zinc in Insulin Action 

It is evident from the litenture thût dietary intervention c m  play a role in modulating 

insulin resistance in DM-2 (Taylor et al., 1994). The trace element zinc, with its possible 
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participation in insulin action, may prove to be another example. Zinc is an essentiai 

micronutrient that has both catalytic and sûucniral functions in the body (Bettger & 

O'Dell, 1993). In its catalytic role, zinc acts as a CO-factor for Pnc rnetalloenrymes, such 

as  in transferases, hydrolases, isomerases and oxidoreductases (Bettger & O'Dell, 1993). 

Stnicturaily, zinc participates in the conformation of metailoproteins in cysteine and 

histidine-rich domains. Zinc also acts as a structural component in peptide hormone 

storage. release and metabolism (Bettger & O'Dell, 1993; Vallee & Falchuk, 1993). 

The cornplex and diverse biochernical functions of zinc also include its effects on 

plasma membrane function. Bettger and O'Dell (1993) propose that zinc is crucial to 

plasma membrane fünction in that it provides the conformational stability required to 

permit normal signal transduction. Dietary deprivation of zinc would then alter receptor 

binding and membrane channels, eventually Ieading to the cell's desensitization to 

extemal messengers. If this is the case for the insulin receptor, then dietary zinc 

deficiency would generate an increase in resistance to the actions of insulin. This would 

ultimately result in a reduced rate of cellular growth, differentiation and proliferation, 

which are characteristic signs of dietary zinc deficiency (Benger & O'Dell, 1993). 

To explore this potential mechanism further, the role of zinc in pancreatic insulin 

function and peripheral tissue receptor binding will be discussed. 

i) Pancreatic Insulin Stornge and Release 

Zinc is a structural component of insulin stored in the pancreas. Scott and Fisher 

(1938) were the first to observe that the hurnan pancreas contains zinc in its crystalline 



structure and that the human diabetic pancreas contains 50% less zinc. In most species, 

insulin is stored in the P-cells of the pancreas as a hexameric crystal containkg a variable 

nurnber of MC molecuies (Dodson et al., 1978). Alteratioas in this Mc-insulin crystal 

formation have been shown to alter the antigenic determinants of insulin in solution 

(Arquilla et al., 1978b). Zinc ions also enhance the effectiveness of insulin in vitro 

(Couldston & Dandona, 1980; May & Contoreggi. 1982). Mice pretreated with zinc 

injections show a two-fold increase in insuiin binding to liver plasma membranes 

compared to mice injected with a sodium control (ArquiIla et al., l978a). 

In a state of dietary zinc deficiency. the pancreas is one of the first tissues to lose 

appreciable amounts of zinc (Roth & Kirchgessner, 198 1). In 1969, Boquest & Lemmark 

were the first to observe a decreased granulation of the pancreatic p-ceils from zinc 

deficient Chinese hamsters. Since then. it ha been suspected that lower pancreatic zinc 

concentrations could significantly alter insulin's synthesis, storage, release or structural 

integriry in circulation (Roth & Kirchgessner, 198 1). Zinc deficient anirnals ofien exhibit 

reduced circulating plasma insulin concentrations. Huber & Gershoff (1973) found 

serum insulin, measured by an in vitro adipose tissue assay, to be significantly reduced in 

zinc deficient rodents when compared to ad libitum and pair-fed controls. Insulin 

secretion kom the pancreas, measured by incubation of the pancreas with glucose, was 

dso  significantly reduced in zinc deficient rats compared to ad libitum and pair-fed 

controls. In a study by Droke et al. (1993), senun insulin concentrations in zinc deficient 

lambs were found to be lower 1 hour after feeding when cornpared to Iarnbs fed marginal 

(5 ppm Zn) or zinc adequate (40 ppm Zn) diets. In addition, a materna1 zinc deficiency 
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cm also reduce the content of insulin in the pancreas of the fetus (Robinson & Hurley, 

198 1). 

Studies of insulin metabolism in zinc deficient animais have the potential to be 

confounded by the fact that zinc deficient anirnals ofien exhibit significant anorexia 

(Prasad, 1983). Reduced food intake itself would increase insulin sensitivity and reduce 

circulating plasma insulin concentrations (Droke et al.. 1993). More research with pair- 

fed (caloric reduced) controls, such as the studies cited above. is required to better 

discriminate fuidings in studies utilizing severe zinc deficiencies. 

ii) Insulin Receptor Binding 

Evidence for the structural role of zinc in peripheral tissue hormone/receptor binding 

is just beginning to be generated in the literature. Binding studies of the insulin receptor 

have confirmed that small regions in cysteine-rich domains of the insulin receptor are 

responsible for hormone binding specificity (Gustafson & Runer, 1990). These cysteine- 

rich regions often contain zinc-binding sites in conformations such as zinc fingers, 

clusters or twists that act to enhance structural integrity and fiinction (Vallee & Falchuk, 

1993). Sunderman & Barber (1988) recently reported the discovery of zinc finger loop 

domains in the hiunan insulin receptor. Arquilla et al. (1978a) found that administration 

of zinc in vitro enhances the binding of insulin in liver plasma membranes. Furthermore, 

Gomot et al. (1992) observed that a zinc deficient diet (< 0.2 ppm zinc fro 4 weeks) 

produced a significantly lower insulin receptor binding in rat adipocytes when compared 

to ad libitum controls. However, when the zinc deficient group was compared to pair-fed 



controls, there were no significant diffierences in insulin receptor binding. The authors 

suggest that the lower insulin receptor binding in both the zinc deficient and the pair-fed 

control groups codd be the result of caloric restriction, irnpaired receptor synthesis andor 

decreased ce11 membrane fluidity and receptor translocation into the cells. 

Tyrosine kinase phosphorylation activity has been found to be elevated with the 

addition of zinc in vitro. Findik and Presek (1988) observed that ~ n "  significantly 

enhanced vrosine kinase phosphorylation activity compared to other cations (Mg '-, Mn 

") in human platelet membranes. Ezaki (1989) found that Zn" ions also stimulated 

glucose transport activity in n t  adipocyres when compared to buffer alone. Further 

development of techniques and snidy are needed to define the specific role of zinc ions in 

the conformation and binding of insulin to its receptor. 

Zinc Status in Type 2 Diabetes iMeIlitus 

Given the role of zinc in pancreatic and ce11 surface receptor fimction, it becomes 

important to determine the zinc status of DM-? patients and diabetic animal models. 

Significantly, one of the clinical manifestations of DM-2 is an excessive excretion of zinc 

in the urine (hyperzhcuria), with no compensatory increases in intestinal absorption of 

zinc (Kinlaw et al., 1983). This hyperzincuria is commonly observed in a nurnber of 

hypercatabolic States such as surgery, burns, injuries, protein deprivation and starvation 

(Prasad, 1983). Patients with cirrhosis of the liver, nephrotic syndrome, and sickle ce11 

disease also present with higher zinc excretion (Prasad, 1983). In diabetes, the degree of 
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hyperzincuria evidentIy appean to be proportionai to the severity of the diabetic state 

(Piciduck et al., 1970; Walter et al., 199 1). 

The effects of hyperzincurïa on tissue zinc status have been investigated in human 

DM-2 patients and significant alterations in zinc metabolism have been observed. 

B lostein-Fuj ii et al. ( 1 997) observed that plasma zinc concentrations and plasma activity 

of 5'-nucleosidase (a zinc-containing enzyme) were significantly lower in DM-? wornen. 

Winterberg et al. (1989) found s e m  zinc concentrations to be negatively correlated with 

glycosylated hemoglobin (a mesure of longstanding glucose status) as well as s e m  

glucose concentrations. Kinlaw et al. (1983) found lower (10%) s e m  zinc 

concentrations in 25% of their DM-? patients as well as significantly depressed serum 

zinc concentrations d e r  an oral zinc tolerance test. This may suggest a malabsorption of 

zinc by diabetics as well as an excessive excretion. Sjogren et al. (1988) also observed 

significant depressions in plasma zinc (1 1%) as well as a tsvo fold elevated winary zinc 

excretion in 18 DM-? patients. In a similar study by Walter et al. (1991), significant 

depressions in senun zinc (16%) were associated with a sixfold increase in urinary zinc 

excretion. 

Various animal models 

events in DM-2 in a contro 

the obese (ob/ob) mice. In 

of obesity and DM-2 are also used to assess physiological 

led setting. The most common are the diabetes (dbldb) and 

the oblob mouse, Bigin-Heick et al. (1985) reported higher 

zinc concentrations in muscle, liver and brown adipose tissue, while concentrations of 

zinc were lower in the pancreas and femur. in the Israeli diabetic sand rat. 

hyperinsulinemia and hyperglycemia were associated with significant reductions in 



hepatic, rend and muscle zinc concentrations, but elevated concentrations of M C  in the 

femur (Raz et al., 1988). In the dbldb mouse. depressions in plasma, femur and 

pancreatic zinc concentrations were found in association with significant urinary zinc 

excretion and elevated senun glucose concentrations (Levine et ai., 1983; Southon et al., 

1988). The db/db mouse also exhibits impaiments in cell-mediated immunity, gonadal 

h c t i o n  and wound healing, ail of which may be indicative of a deficiency in zinc 

(Coleman, 1982). Given this evidence of altered zinc metabolism in animals and 

humans, it has been proposed that a subset of DM-3 patients may suffer a zinc deficiency, 

thus possibly exacerbating their diabetic condition. 

Zinc Supplementation and Diabetes 

The effects of a zinc repletion or supplementation on tissue zinc statu have had only 

limited examination in the literature. In human studies, Winterberg et al. (1989) found 

that DM4 patients suppiemenred with zinc (50 mg zinc oxide/day for 3 weeks) showed a 

significantly higher serum zinc concentration as well as a significantly lower serum 

glucose concentration. In DM-2 wornen, Blostein-Fujii (1 997) also found a significantly 

higher s e m  zinc concentration with dietary zinc supplementation (30 rng/day as arnino 

acid chelate for 3 weeks). It did not, however increase 5'-nucleotidase activity to the 

degree observed in non-diabetic controls. In animal mode1 studies, Bégin-Heick et al. 

(1 985) observed tliat zinc supplementation (1000 ppm Zn) to 9-12 week old ob/ob mice 

for 4 weeks lowered fasting plasma glucose and insulin concentrations during glucose 
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tolerance testing. Dietary M c  also diminished abnormaily elevated insuiin secretory 

responses to glucose in pancreatic islets. In the db/db mouse, Levine et al. (1983) 

detemiined that 30 ppm zinc as zinc acetate in drinking water slightly repleted senim and 

femur concentrations of zinc. However, their study is inconclusive regarding diabetic 

parameters in that they failed to test serum glucose or insulin concentrations. In an 

examination of the current literature, there no known studies examining the effects of MC 

supplementation on diabetic parameters in a D M -  animal model. 

An Animal iMode1 of DM-2: The Genetically Diabetic Mouse (db/db) 

Severai different rodent models are available for the study of diabetes. The best 

studied models develop diabetes from a single gene mutation. ie. obese (ob), diabetes 

(db), fat (fa), tubby and yellow (Coleman, 1982). The single gene mutation allows for 

accurate breeding. as well as identification of new mutations. 

The diabetes rnouse (db), the mouse model used in th is  investigation, is an inbred 

strain of CS7BLKsJ (BLKs) mice with an inhented autosomal mutation for diabetes on 

chromosome 4 (Coleman, 1982). This single gene mutation is also closely linked to the 

coat colour gene 'misty' (m), which facilitates identification of the heterozygous lean 

black (dblm) breeding stocks from the grey homozygous recessive leans (m/m). The 

db/db black homozygous diabetic mouse is characterized by marked obesity, hyperphagia 

and hyperglycemia (Coleman, 1978) (Table 1). It exhibits increases in plasma insulin 

concentration by 10 days of age, peaking at 6-10 fold normal at 2-3 months, and then 

drops off to near normal concentrations. This decline in insulin function is precipitated 



by increasing pancreatic pathology, with the pancreatic islets undergohg significant 

atrophy. During the earfy stages of the disease, pancreatic cells become increasingly 

hyperplasie and hypertrophie in an attempt to manage rising glycernia (Coleman. 1978; 

Shafnr, 1992). 

i) Origins of Diabetes in the db/db Mouse 

The causative factors responsible for diabetes in the db/db m o u e  are still under 

investigation. However. much information has also been gained frorn panbiotic 

experiments of db and normal mice. In parabiotic rxpenments, Coleman and Hummel 

(1969) found that when normal and diabetic (dbldb) mice were paired, it resulted in death 

by starvation of the normal mouse, usually within 3-4 weeks. In their experiments, they 

deterrnined that the diabetic dbldb mouse secreted, but did not respond to, a satiety factor 

that prevents overeating. The Iean mouse in the parabiotic experiment received this 

saticty factor from db, resulting in a diminished eating drive and eventual starvation. The 

db mouse in turn, did not respond to the secreted satiety signal and exhibited hyperphagia. 

This faulty satiety signal response in the dbldb was suspected to be a result of defects 

in the hypothalamus (Coleman, 1975). It is now suspected that this satiety factor that the 

dbldb mouse secreted, but did not respond to was the hormone leptin (Caro et al., 1996). 

Leptin is considered integral ro the regulation of energy balance, appetite and degree of 

adipose tissue storage in humans and animal models (Caro et ai., 1996). In the ob/ob 

moue, the obese gene has been found to contain a mutation that results in a cornplete 

leptin deficiency (Zhang et al., 1994). In experiments by Halaas et al. (1995), exogenous 



Table 1. The Life Cycle of the db/db M o w  

Life Cycle of the db/db Mouse ' 
Weeks of 

Age 

1-2 -&ng plasma insulin to maintain normoglycemia 

2-4 -significant deposition of fat in axillary and inguinal regions 
-higher plasma glucose concentrations 
-1ower number of P-ceil granules 
-significant insulin resistance 
-no response to sxogcnous insulin administration 

-significant polyuria polydipsia, polyphagia, and glycosuria 
-hyperactive lipogenesis 
-marked weight gains 

-hyperglycemia peaks at 400-600 mg/dl 
-6- 10 fold increase in insuiinemia 

-hyperinsulinemia recedes 
-p-celis have significant degranularion 
-decrease in body weight 
-dihion of pancreatic ducts 
-mimals become ketotic 

24-40 -rend. microvascular and neuropathic complications from diabetes 
-survival is rare beyond 40 weeks of age 

' Data compiled fiom Hummel et al., 1966; Coleman, 1975 and 1982; Leiter et al., 1981 
& S hafrir, 1 992. 



leptin administered to the oblob mouse resuited in a 40% decrease in body weight within 

33 days. in the db/db mouse, there was no response to exogenous leptin administration, 

either in body weight or food intake (Halaas et ai., 1995). It has been deterxnined that the 

db/db mouse secretes Ieptin, but exhibits a mutation of the leptin receptor that renders the 

mouse resistant to the actions of this hormone (Chen et ai., 1996; Lee et ai., 1996). 



II. Study Rationale 

The interrelationships between zinc and DM-2 are multi-fold. The micronutrient zinc 

plays an important role in glucose homeostasis as exemplified by increases in senun glu- 

cose with zinc deficiency. Zinc is present in the conformationai structure of insulin and 

rnay be important for insuiin storage and release from the pancreas. Zinc may also play 

an important role in periphenl insulin receptor binding, as putative zinc fingers have been 

reported in the human insulin receptor. In DM-2, there is also an excess excretion of zinc 

in the urine. thus providing for the possibility of an altered zinc metabolism or zinc 

deficiency. 

It is the hypothesis of rhis study that dietary zinc rnay influence the developrnenr of 

insulin resistance and that supplementation of dietary zinc will improve diabetic parame- 

ters in the db/db mouse mode1 of DM-?. The objective of this expenment was to 

investigate the effects of dietary zinc deficiency and supplementation on diabetic 

parameters in the DM-2 mouse mode1 db/db. The effects of dietary zinc manipulation on 

tissue zinc status were determined by zinc concentrations in the femur, S e m ,  pancreas 

and kidney. An assessrnent of diabetic progression involved analyses at both the 

molecular and physiological levels. At the whole body level, s e m  glucose and insulin' 

liver lipid, and urine gIucose, protein, zinc and creatinine concentrations were measured. 

At the rnolecular level. the concentration of insulin recepton as well as tyrosine kinase 

activity were assessed. These indices allowed for an examination of any alterations in the 

underlying molecular mechanisms of insulin action. These rnolecular analyses also 



allowed us to investigate a possible location for the insulin receptor defect, be it at the 

ce11 membrane surface or an intracellula. signal kinase alteration. 

This mdy is unique in its scope as no other investigations in the db/db mouse have 

involved a dietary supplementation of zinc as well as a zinc deficiency. While the 

literature contains sorne evidence for relationships between zinc stanis and diabetes. rnost 

studies do not anempt to manipulate the dietary intakes of nnc. A comprehensive 

assessrnent of the role of zinc supplementation in diaberic animal rnodels in the literature 

is lacking. The one report of zinc supplernentation in the db/db mouse involved no 

analysis of diabetic parameten (Levine a al.. 1983). Since diabetic animals ofien have 

low zinc s ta tu  and zinc is known to influence glucose concentrations in non-diabetic 

rodents. it would seem Logicai to investigate the potential benefits of zinc 

supplernentation in diabetic animals. Furthemore, there has been no attempt to link 

gross physiologicd findings to rnolecular biological events at the receptor level. The 

development of new rnolecular biological techniques and previous investigations into ce11 

signal events permits new questions on hormone-receptor interactions to be addressed. 

In regards to the experimental design, other important considerations were the length 

of experimental/dietary treatment. the age of db/db mice at trial initiation, the severity of 

the zinc deficiency, and the amount of zinc supplementation. Considerations of the 

length of expenmental treatment and the age of db/db at baseline were interrelated in this 

shidy. With an examination of Table 1, it can be seen that diabetic syrnptomology starts 

very early, peaks at 3 months of age. then declines as pancreatic pathologies set in. Other 

investigations with db/db and ob/ob mice ofien initiate the dietary treatment at 9 weeks of 
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age, coinciding with the peak of diabetes, and then terminate at 12 weeks. We chose not 

to follow othes  in this respect. Since it was our intention to test the hypothesis of a 

diminution of diabetic symptoms with zinc supplementation, we felt that a preventative 

dietary approach should be initiated at the weanling age. This could potentially dlow the 

dietary excess of zinc to offset any naturd alterations in M c  status that rnay set in due to 

the diabetic state. We felt that significant and potentially irreversible pathologies in 

tissue zinc statu and clinical signs of diabetes could be in place by 9 weeks of age. In 

addition, higher semm zinc concentrations may be beneficial to peripheral insulin 

sensitivity. Therefore, to start at weanling age (4 weeks) and to terminate the rnice at the 

height of insulin secretion. the length of trial was set fiom 4 weeks to 10 weeks of age. 

The severity of the dietary zinc manipulations was based on the age of the mice and 

the overall objectives of the expenment. Most studies of zinc deficient rodents initiate a 

severe zinc deficiency by fesding a 1 pprn zinc diet to young growing rodents. Our goal 

was to initiate a marginal zinc deficiency in w e d i n g  mice that have elevated 

requirernents due to growth. Since Southon et al. (1988) found no evidence of anorexia 

or skin lesioning in db/db mice fed a 1 pprn diet for 4 weeks, we felt that a 3 ppm zinc 

diet would not severely compromise growth requirements. 

The decision to initiate a supplementation of 300 ppm zinc was based on a balance 

between establishing excess zinc in the diet based and not severely comprornising the 

metabolism of other trace minerais. In the ob/ob mouse, Bégin-Heick et al. (1985) 

supplemented dietary zinc at a concentration of 1000 pprn. We felt, however that this 

concentration of dietary zinc was excessive as  copper absorption is known to be inhibited 



by excessive quantities dietary zinc (Sandstead, 1995). L'Abbé and Fischer (1 984) found 

that a diet of 240 ppm zinc compromised copper metabolism in rodents, as senun copper 

concentrations were significantly Iower rhan in rats fed the control diet of 30 pprn zinc. 

While we felt this was significant, it is important to note that the magnitude of body 

weight gains are far more pronounced in the growing rat than in the mouse. Furthermore, 

suice they noted that the senim copper concentration resulting from the zinc 

supplemented diet was sufficient to meet normal growth requirements for 6 weeks of 

study in the rat, we felt that a 300 pprn concentration of dietary zinc was acceptable for 

this study. 



III. Materials and Methods 

Animals and Diet 

Female weanling C57BL/KsJ (BUKs) homozygous diabetic (db/db) and heteroqgous 

lean (db/m) control mice were purchased the Jackson Laboratory (Bar Harbour, Maine). 

Mice were segregated at the Jackson Laboratory before shipment. Homozygous diabetic 

(db/db) were recognized by their relative obesity and characteristic body shape. Upon 

arrival, the 47 mice were initially housed in groups of 7 and held on a nutritionally 

complete standard chow diet for a 5 day adaptive penod. The diabetic and lean mice 

were then randomly assigned to six treatrnent groups (see Table 2). The animals were fed 

ad (ibiturn diets low (3 ppm), adequate (30 ppm) or high (300 ppm) in zinc, based on the 

AN-93G formulation (Reeves et al., 1993, for 6 weeks (see diet formulations in Table 

3 )  During this period. the mice were rnaintained in a controlled environment of 2 1 - X O  

C, 55% humidity, and a 14 hour light, 10 hour dark cycle. During the feeding trial, the 

micr were housed separately in stainless steel hanging cages and fiesh zinc-fiee double 

deionized water was availab le in pol ypropy lene boules with stainless steel sip per tubes. 

At weeks 0, 2, 4, and 6 of trial, mice were weighed and housed overnight (12 hours) in 

polycarbonate metabolic cages (Nalgene, Fisher Scientific) for the purpose of urine 

collection. Animals were provided water ad libitzim (but not feed) for the 12 hours to 

ensure urine samples were not contaminated by zinc fiom the diets. Anirnals were 

terrninated at week 6 afier an overnight fast in the metabolic cages. 



Table 2 Experimental Groups 

Diabetic (db) Mice Lean (In) Controt Mice 

(db/db) (db/m) 

Zinc Deficient (3 ppm) 

Control Diet (30 ppm) 

Zinc Supplemented 

(300 ppm) 

TOTALS 

' Discrepancies in subject nurnbers due to ' death of a zinc deficient lean, and 
misassignment of db/db at weanling by Jackson Laboratory. 



Table 3. Diet Formulations1 

Ingredien t Zn Deficient Control Zn Supplement 
(3-0 P P ~ )  (30 P P ~  (300 ppm) 

Dextrose ' 

Egg White 

Soybean Oil 

Mineral iMia (MN-93; 
zinc-free) 

Potassium PO4 

Vitamin Mir (MN-93) 

Choline bitartrate 

Zinc Prerniu ' 

' Diet ingredien~ were purchased fiom Harlan Teklad (Madison, WI) except dextrose 
and soybean 011 

* Dextrose was purchased from Moonshiners (Winnipeg, MB) 

Soybean Oil was purchased from Vita Health (Winnipeg, MB) 
' Zinc Premix (1 l.55g Zn Carbonate/1000 g dextrose) 



Tissue ColIection 

M e r  an ovemighr fast at weeks 0, 2, 4, and 6, urine samples from the mice were 

collected in 1.5 ml microcenh%bge tubes fiom the metabolic cages and weighed to 

determine volume. Due to the smdl  size of the weading mice at weeks O and 2, 

Uisufficient quantities of urine were collected. For samples obtained at weeks 4 and 6 ,  

they were stored at -80' C until assayed for glucose, zinc, protein and creatinine content. 

h i m a l s  were terminated at week 6 by COz asphyxiation and cervical dislocation 

following Canadian Council on Animal Care Guidelines. Tnink blood was collected 

afier decapitation and sarnples were stored on ice until centrifuged (1290 x g for 15 

minutes, Beckman TJ-6 centrifuge) to obtain serum. The liver, pancreas, kidneys, 

avillary and inguinal region fat pads, gastrocnemius muscles and hind quarters were 

excised and immediately frozen in liquid nitrogen. A11 tissue samples and serurn were 

stored at -80°C until required for analysis. 

Glucose Assay 

Glucose in the serum and urine was assessed using an enzymatic colorimetric kit 

developed for the quantitative determination of glucose in biological fluids (Procedure 

#3 15, Sigma Chem.Co., St. Louis, MO). The method is based on the work of Trinder 

(1 969). 

The glucose assay involves the convertion of a quantity of glucose to a quinoneimine 

dye. The quinoneimine dye has an absorbance maximum of 505 nm and the intensity of 
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colour is directiy proportionai to the concentration of glucose in the sample. The assay is 

linear to a glucose concentration of 750 mg/dl. 

Reagen ts : 

Trinder reagent : 

4-Aminoantip yrine 

p-Hydroxybenzene S ulfonate 

Glucose Oxidase (Aspergillus niger) 

Peroxidase (Horseradish) 

Buffer 

Stabilizers and fillers 

Urine Control, Level2 (Sigma Chem. Co.) 

Glucose Standard (300 mg/dl) 

0.5 mmoYL 

20 rnmoVL 

2 5 O00 U/L 

10 O00 un. 

pH 7.020.1 

Assay Procedure: 

Urine samples were initially diluted 0-25 times (depending on sample concentration) 

with isotonic saline (0.85 % NaCi). Plasma samples required no dilution. Once samples 

were prepared, 1.0 ml of Trinder reagent was pipetted into 10 mm disposable cuvets and 

allowed to wami to room temperature. Then, at 20 second intervals, duplicate 5 pl 

volumes of distilled water (assay blank), glucose standard, urine control, or plasma or 

urine samples were pipetted into each cuvet. Cuvets were mixed immediately by gentle 

inversion 3 times and allowed to incubate at room temperature for 18 minutes. At 18 



minutes, each sample was read at 20 second intervals at 505 nm with a Milton Roy 

Spectronic 3000 spectrophotometer (Fisher Scientific, Nepean, ON). A set of glucose 

standards (50-750 mg/dl) was used ?O verify linearity of the procedure. A 1 .O ml volume 

of distilled water was used as a reference. 

Calculation: 

Glucose (mg/dl) = f [Al samule - !Al blank ) x dilution factor X Conc. 
[A] standard - [A] blank of Standard 

Insulin Assay 

Insulin in the serum was assayed using a sensitive rat insulin radioimmunoassay kit (# 

S N - l K ,  Linco Research Inc., St. Charles, MO). The procedure follows the basic 

principle of radioimrnunoassay where there is a cornpetition between radioactive and 

non-radioactive antigen for a fixed number of antibody binding sites. The amount of "' 1- 

insulin bound is inversely proportional to the concentration of unlabeiled insulin present. 

Reagents: 

Assay Buffer : 

0.05 M Phosphosdine (pH 7.4) containing: 

0.035 M EDTA 

0.1 % Sodium Azide 

1% RIA grade Bovine S e m  Albumin 

Sensitive Rat Insulin Antibody 



'= 1-Insulin label (4 pCi) and label hydrating buffer 

insuiin standards (0.02- 1 .O n g / d )  & Quality controls 

Precipitating reagent 

Procedure: 

On day 1, serum insulin samples were diiuted in Assay BufEer by 10 fold for db/db 

samples and by 2.5 fold for d b h  to be within range of the standard c w e .  Assay buffer 

was then pipetted into Borosilicate g l a s  (12 x 73 mm) tubes: 300 pl into 2 non-specific 

binding tubes, 200 pl each into 2 total binding reference tubes, and 100 pl into tubes for 

standards, controls and unknowns. One hundred pl of standards. quality controls. or 

diluted sample were then pipetted into duplicate into appropriate tubes. One hundred pl 

of rat insulin antibody was pipened to al1 tubes except total count and non-specific 

binding tubes. Tubes were vonexed. covered with parafilm, stored in a swofoam test 

tube rack in a sealed plastic container, and incubated ovemight at 4OC. The following 

day, 100 pf of l 3  Linsulin was pipetted into dl tubes. Tubes rvere vortexed, covered with 

parafilm, stored in a styrofoam test tube rack in a sealed plastic container, and incubated 

ovemight at 4OC. On the third day, 1 .O ml of precipitating reagent was added to al1 tubes 

except total count tubes. Tubes with the precipitating reagent were vortexed, incubated 

for 20 minutes at   OC, and centrifuged for 30 minutes at -2000 x g to achieve a firm 

pellet. The supernatant fractions \vas decanted and tubes were held inverted for 1 minute 

for cornplete blotting of d l  liquid. Remaining pellets were counted for "'1 in a gamma 

counter (Beckman Gamma 8000, Scientific Instruments, Irvine, CA). 



Calculations: 

Defhïtions: 

Total count = total I3I alone, 

Non-specific binding = mbe with no antibody reagents except antibody and sample or 

standard 

Total binding reference tube= al1 reagents except sample or standard. 

1. Non-specific binding count was subtracted fkom al1 tubes çxcept total counts. 

2. Percentage of maximum binding (%B/B,) = samole or standard c ~ m  X 100 
total binding reference cpm 

A log-log plot was constructed for %Brno, with standard cpm on the y-mis versus the 

knowm concentration of that standard on the ?c-mis. A reference c u v e  was created by 

manually joining points for smooth c w e .  Insulin concentrations (ng/ml) for unknown 

samples and quality controls were then detexmined by interpolation on this standard 

reference curve. 

Insulin Receptor Concentration / Tyrosine Kinase Phosphorylation 

Insulin receptor concentrations and tyrosine kinase activity were assessed in the 

gastrocnernius muscle, a primary site for glucose disposal. The procedure initially 

involves the isolation and immobilization of insulin receptors fiom total muscle 

hornogenate by means of an anti-insulin receptor antibody that was bound to 96-well 

plates. Tyrosine kinase phosphorylation activity of the isolated receptors is tested by 

initiating phosphorylation of an exogenous protein substrate with labelleci "P-ATP. The 
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tyrosine kinase activity was determined under both basal and insulin-stunulated 

conditions. The isolated receptors were also used to determine the M i n  receptor 

concentration per mg protein of muscle homogenate by the degree of binding of 12.' I- 

insulin. The amount of "' I-insulin bound is directly proportional to the concentration of 

recepton in the sample. These methods are adapted fiom the publications of Klein et al. 

(1995 & 1993, Hamann et al. (1995), and Suirez et al. (1 995). 

Buffers:* 

Buffet A: 

1% Triton X-100 

2.5 rnmol/L PMSF 

800 trypsin U/ml aprotinin 

8 mmoL/L EDTA 

2.5 mglm1 benzarnidine 

2.5 &ml pepstatin 

2.5 pg/ml ieupeptin 

160 mmol/L NaF 

10 rnmoVL Na Pyrophosphate 

0.2 mmol/L Na vanadate 

2 rnmoVL dichioroacetic acid 

20 rnmoVL HEPES 

Buffer B : 

0.05% Triton X- 100 



50 mmoVL NaCl 

1.2 mmoVL KCl 

0.5 mmoVL CaCl,*H,O 

IO rnmoVL HEPES 

10% glycerol 

10% Na azide 

0.5% bovine serum alburnin 

* Al1 cornponents in this assay were of reagent grade and purchased from Sigma 
Chernical Co. (St. Louis, MO) unless otherwise statzd. 

Procedure: 

In preparation for insulin receptor immobilization, 96-well plates were coated with 

goat ami-mouse IgG (Oncogene Science, Uniondale, NY). An assessrnent of insulin 

receptor concentrations determined that the appropriate dilution for the IgG was 2 pg/rnl. 

A 0.05 M phosphate buffer (13.4 @L Na2HP0,-7H,O and 6.9 g/L. NaH,PO,, pH 7.4) was 

used for al1 antibody dilutions. 

Fi@ pl of IgG (2 pplml) was pipetted ont0 96-well easy-wash ELISA grade 

polystyrene plates (#25805-963 Corning Glass Works, Coming, NY). Plates were covered 

and allowed to incubate at 37°C for 2 hours to ensure adherence. Plates were 

subsequently washed 3 times with deionized water, inverted to blot dry, and incubated 

with 50 pl of anti-Insulin Receptor antibody (AB-3, Oncogene Science, Uniondale, NY) 

previously diluted to 1 pgml in 0.05 M phosphate buffer. Plates were covered with 

parafilm and allowed to incubate overnight at room temperature. 
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On Day 2, gastrocnemius muscles were removed nom the fieezer and set on ice to 

maintain a fiozen state. Muscle samples, with the addition of ice cold B e e r  A (8 pYmg 

muscle tissue) were homogenized (Potter-Elvejhem Homogenizer, Wiarton, ON) on ice 

for one minute on setting 10 using a 20 ml homogenizing tube and pestle. Afier 30 

minutes at 4*C, samples were centrifuged at 15 OOOg (Brinkmann-Eppendorf 5414 

centrifuge, Brinkmann Instruments Inc., Mississauga, ON) for 20 minutes at 4OC to 

remove insoluble materiais. In preparation for plating tissue Iysate, the 96-well plates 

were washed 3 tirnes with deionized water to remove excess antibody. Plates for the 

tyrosine kinase assay and the insulin binding assay were invertrd to blot dry, and 40 pl 

aliquots of muscle lysate were pipetted into wells at PC. Insulin. (final concentration of 

10" m o K )  was also pipened into appropnate wells for tests of insulin-stimulated tyrosine 

kinase phosphorylation activity. Plates were again covered with parafilm and incubated 

ovemight at 4°C. 

On Day 3, the reaction buffer (Buffer B with the addition of 5 mmol/L MnCI,, 10 

rnrnoi/L MgCl,, 0.5 prnoI/L ATP and y-"P ATP [3000 Ci/mmoI, (New England Nuclear, 

Dorval, PQ); 1 000 000 cpm/ 20 pl Buffer BI was prepared. Just before initiating the 

tyrosine kinase procedure, wells containing lysate were washed 5 times with ice cold 

buffer B (no additions) and inverted to blot dry. The exogenous substrate, 20 pl of poly 

GLUTYR [poly(glutarnate:tyrosine 4 1 )  4 mg/mI in water], was added to the washed 

plates with a repeat pipetter. The reaction was initiated with the addition of the y-"P 

ATP containing buffer B (20 pVwel1). M e r  15 minutes, the reaction was terminated by 

spotting 35 pl per well onto prelabelled 2 x 2 cm squares of Whatrnan 3MM filter papers. 



Filter papers were allowed to dry for 5 minutes, then washed in 10% tricholoacetic acid 

and 10 mmoüL Na Pyrophosphate 3 times, for 15 minutes each time. Filter papers were 

subsequently immersed for 5 minutes in 100% ethaool, allowed to dry, and placed into 

prelabelled disposable polyethyiene scintillation vials (Fisher Scientific, Pittsburgh, PA) 

with 10 ml scintillation fluid (ScintiSafeTM Econo 1, Fisher Scientific, Pittsburgh, PA) per 

viai. Total counts, blanks and sarnples were counted for one minute each in a "P 

scintillation counter (Beckman LS 6000TA. Beckman Instruments, bfississauga, ON). 

For the insulin binding assay. plates previously prepared with 40 pi diquots of muscle 

lysate with were \vashed 5 times in ice cold buffer B. In preparation for the insulin 

binding assay, 40 pl/weil Buffer B [with the addition of 30 000 cpm "' 1-insulidwell, 

(New England Nuclear. Dorval, PQ)] was added and allowed to incubate ovemight at 

4Oc. 

On Day 4, wells containing "' I-insulin were washed 5 times with Buffer B to remove 

unbound insulin. The '" I-insulin that had bound to receptors was collected by incubating 

the wells twice with 100 pl of a 10% solution of sodium dodecyl sulfate (SDS), for 15 

minutes each time. AFter each incubation, 95 pl of the solution was pipetted into 

prelabelled boroscillicate test tubes. Tubes were covered with parafilm and total counts, 

blanks and sarnplrs were quantified by gamma counting (Beckman Gamma 8000 

Scientific Instruments, Irvine, CA). 



Insulin receptor numbers: 

Protein content (mg/welI)= protein conc. fkom BCA assay (mg/d)  X 0.04 mYweIl 

Insulin receptor nurnber (cpm/mg protein) = c~m/well 
mg pro teidwell 

Tyrosine Kinase Phosphorvlatioa: 

ATP conc = 0.02 ml (well size) x 5000 nrnoVZOO0 ml = 0.1 m o l e s  

Specific Activity = R = cpm per 10p1 ATP/O. I nmol per 20 pl = cpmhnol  

T = total phosphate transferred 

T = (sarnple cpm .u 40 pV3 5 pl) - blanks cprn 

P = pmol phosphate transferred per minute 

15 minutes = incubation time 

P = (T* Z000)/(15*R) 

Zinc, Calcium and Phosphorus Determinations 

Femur, pancreas, kidney, serum, urine and treatment diets were analyzed for zinc 

concentration by atomic absorption spectrophotometry. Serum and urine samples (100 

pl) were subjected to a direct analysis at a 10 fold dilution in deionized water, while 

tissues, bone and diet required acid digestion. 

Procedure: 

The following technique of digesting tissue is based on the method of Clegg et al. 

(1 98 1). In preparation for digestion, femurs were first thawed and carefully scraped of al1 

musculature using a scalpel blade. Wet weights were obtained for femurs, pancreas, and 



half of 1 kidney. Tissues were dried for 48 h o m  at 85'C. Mer drying, al1 tissues were 

immediately weighed to detemine dry weights. Dned tissue samples plus 1 ml of zinc- 

free 70% nitric acid (VWR Canlab, Mississauga, ON) were put into previously acid- 

washed (20% nitric acid) zinc-fkee pyrex test tubes. For diet samples, 1 g of diet plus 2 

ml of a 70% nitric acid solution was used. A bovine liver reference (0.1 g/10 ml; 

ref.#l577b, US. Department of Commerce, National Institute of Standards and 

Technology, Gaithesburg, MD) was also digested as a quality control. AH test tubes were 

covered with acid-washed g l a s  marbks. allowed to digest at roorn temperature for 24 

houn, and then heated for 45 hours at 85OC using a dry bath heater. Tissue samples were 

diluted with double deionized water to 5 ml in a volurnetric flask. Diet samples were 

diluted to 10 ml in a volurnetric flask. Samples were andyzed using an atomic absorption 

spectrophotometer (Varian Spectra AA-3 0 Spectrophotometer, Georgetown, ON) and 

zinc standards (O. 1 - l ppm) were prepared from a zinc atomic absorption standard (1 000 

ppm, #H595-0 1 klallinckrodt, Paris, Kentucky). 

For femur. kidnev. pancreas. & diet: 

Zinc (pg/g dry weight) = Sarnple zinc concentration X dilution factor 
Dry weight of sarnple 

For s e m  & urine samples: 

Zinc (pg/ml) = Sample zinc concentration X dilution factor 
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Mineral content of the femur was M e r  analyzed for calcium and phosphorus 

concentrations. Following a f i d e r  50 fold dilution of femur digests (total dilution of 

250), samples were analysed in triplicate using an Emission Spectrometer (Varian Liberty 

200 ICP, Varian Canada, Georgetown, ON). 

Calculations : 

Femur Calcium = SarnpIe Ca or P concentration X dilution factor 
or Phosphorus Dry weight of sample 
( p g k  dry weight) 

Protein Assay 

Gastrocnemius muscle and urine were anaiyzed for protein concentration using the 

bicinchoninic acid (BCA) protein assay method (Pierce, Rockford IL). This method 

employs the buiret reaction (Lowry. 1951) where protein reduces CU" to Cu[- in an 

alkaline environment. The result is a purple coloured reaction product with 2 molecules 

of BCA plus the reduced cuprous ion (Cul-). The concentration of colour is directly 

proportional to the reduction of copper by the protein in a sample. 

Reagents: 

Reagent A: 

In 1000 ml 0.2 N NaOH: 

sodium bicarbonate 

sodium carbonate 

BCA detection reagent 



sodium tartrate 

Reagent B: 

25 ml of 4% copper sulfate solution 

Procedure: 

The method for muscle homogenization pnor to protein assessrnent is descnbed under 

the merhod for Insulin Receptor ConcentmtioaîTyrosine Kinase Phosphorylation. Muscle 

samples were diluted ten-fold with muscle homogenizing buffer prior to assay. Urine 

samples were fust precipitated in cold 10% trichloroacetic acid and centrifuged for 5 

minutes at 15 OOOg (Brinkmann-Eppendorf 54 lil centrifuge. Brinkmann Instruments Inc.. 

Mississauga, ON). Supernatant fiactions were rernoved, and the protein pellet was 

resuspended in phosphate buf'fered saline (pH 7.4) solution in preparation for the protein 

assay. 

Albumin protein standards (0.05-2.0 rng/dl) were used for the standard curve. 

Samples, standards and buffer blanks of 10 pl were pipetted in triplicate into 96-well 

polystyrene microtiter plate wells (#25880-96, Corning Glass Works, Corning, NY). Two 

hundred pl of BCA reagent was then added to the wells using a multi-channel pipet. 

Samples on the microplate were shaken for 5 seconds by the SpectroMm Microtiter Plate 

Reader (Molecular Devices Corporation, Sunnyvale, CA), and allowed to incubate for 30 

minutes at 37°C. Absorbances were read at 562 m. Unknown sample concentrations 

(mg/ml) were calculated by the Soft Max Pro software. 



Manual Calculation: 

Protein Concentration = Concentration of standard X TA1 s a m ~ l e  
(mp/ml) [A] standard 

Creatinine Assay 

Creatinine is an urinary excretion product that is proportiond to body muscle mass 

(Bowers and Wong, 1980). Since creatinine excretion fkom the body is relatively 

constant, it was used in this study as a basis for calculating urinary concentration in 

samples analyzed for glucose, protein and zinc deteminations. 

The colonmetric creatinine assay (Procedure if555, Sigma Chern-Co., St. Louis. MO) 

is based on the method of Heinegard and Tiderstrom (1973). Upon contact with the 

alkaline picrate solution. a sample will fom an orange/yeilow colour. This colour. 

derived solely from creatinine, is destroyed by the addition of an acidic pH solution. 

Therefore the difference in colour intensity, as measured before and after acidification, is 

proportiond to creatinine concentration. 

Reagen ts: 

Sodium Hydroxide Solution: 1 .O N 

Acid Reagent: A mixture of sulfunc and acetic acid 

Creatinine Colour Reagent: 0.6% Picnc acid, sodium borate and surfactant 

Creatinine Standards: 3.0 or 15.0 mg/dl creatinine in 0.02 N hydrochloric acid 

Urine Control, Level 2 (Sigma) 



Alkaline Picrate Solution: 5 parts creatinine colour reagent to 1 part NaOH (1 .O N) 

Assay Procedure: 

Urine samples were diluted 5- 101 with distilled water. Duplicate samples of 100 pl 

of distilled water (blank), 3 rng/dl creatinine standard, urine connol or sample were added 

to 10 mm disposable cuvets. To al1 cuvets, a 1.0 ml volume of alkaline picrate solution 

was pipetted, gently mived by inversion 3 times and allowed to stand at room temperature 

for 10 minutes. M e r  10 minutes, al1 cuvets were read and recorded at 500 nrn using a 

Milton Roy Specwnic 3000 Spectrophotometer (Fisher Scientific, Nepean, ON). This 

reading is the MITIAL [A]. Once read, 33.3 pl of acid reagent was pipetted into ail 

cuvets, immediately mixed by inversion 3 tirnes and diowed to stand at room temperature 

for 5 minutes. At 5 minutes, al1 cuvets were read at 500 nm and recorded. This reading is 

the FMAL [A]. A 1 .O ml volume of distilled water in the same cuvet type was used as a 

reference for the spectrophotometer during this assay. A calibration c w e  of 0-10 mg/dl 

was prepared to establish the linearity of the assay. 

Creatinine Calculation: 

BLAIVK [A] was subtracted from al1 unknown and standard samples, and creatinine was 

calculated as follows: 

Creatinine = (INITIAL TAI test - FWAL [Al test) x dilution factor X Conc. 
(mg/dl) [A] standard - [A] blmk of Standard 



Liver Lipid 

The method of Folch (1 956) was used to quantify total lipid content in the Liver. The 

method utilizes specific ratios of chlorofonn, methanol and water to extract the lipid 

fiaction in a two day procedure. 

Procedure: 

Livers were thawed, cut into 1 .O g portions and placed in 22 ml of a 2: 1 by volume 

chioroform/methanol solution. Each liver was homogenized twice at 20 second intervals 

using setting #4 on a Polyrron Homogenizer (mode1 #PT 1020 3500. 1 15 volt Brickmann 

Instruments, Rexdale, ON). The homogenate was filtered ($1 Whatman filter) and the 

volume of eluate collected in a 25 ml graduated cylinder was recorded. Twenty percent of 

this volume was added as water. shaken gentiy by inversion with venting, covered and 

allowed to separate ovemight. 

The following day. the top methanol layer and a protein disc layer were removed 

using an aspirator. Ten mls of the bottom chloroform layer were carehlly removed and 

placed in a 25 ml glass vial that was previously desiccator dried and weighed. The 

chloroform was evaponted frorn the vial using a heated water bath (OA-SYS heating 

system, Organomation Associates, Berlin, MA) with a Stream of nitrogen air (0.7 ~g/cm')  

for one hour. The lipid-containing vials were allowed to re-dry in the desiccator for a 

minimum of one hour. They were then weighed for lipid content. 



Liver Lipid Calculation: 

liver Lipid (g) = 

dried viai & I i~ id  - dried vial alone X voIume of initial chloroform laver 
chloroform volume removed (10 mi) amount of liver tissue used (Ig) 

Statistical Analysis 

Differences between dietary treatment groups were analysed using ANOVA (SAS 

6.04, SAS Institute, Cary, NC). Main effects were diet and genorype and the interaction 

was of diet x genotype. Significant differences between means were deterrnined by 

Duncan's multiple range test. Correlational analysis was performed using the Spearman's 

Correlation Coefficient. Differences were accepted as  significmt at P c 0.05. 



IV, Results 

The findings reported in this study can stem from 2 major areas in the investigation. 

First are the genotypic effects. These refer to significant differences in the animals that 

are due strictly ro the genetic differences between the diabetics (dbldb) and their lean 

littermates (dblm). Second are the diet effects. These effects are a result of the dietary 

manipulations of zinc and diet effects c m  o d y  properly be compared within animals of 

the same genotype. Both genotypic and dietary findings will be reported in the results. 

For data in Figures. means and standard mors  of the mean are also presented in tabular 

form in Appendixes A and B. Main effects of diet. genotype and a diet x genotype 

interaction are reported in Appendixes C and D. 

Body Weight 

The effects of genotvpe and dietary treatment on body weight is presented as weekly 

means across the course of treatment (Figure 3). At week O of treatment, the 4 week old 

mice assessed as lean or diabetic by Jackson Laboratory were clearly discemable by 

weight alone. Diabetic mice had a significantly higher body weight (21.6 c 0.5 g) than 

lean control mice (15.9 * 0.4 g). By week 2, al1 groups had experienced slight weight 

gains, but dbC (25.8 * 1.2 g) could now be differentiated by weight fiom other diabetic 

mice (21 -9 * 1.5 g and 22.5 * 1.4 g for dbZD and dbZS, respectively). This trend was 

maintained until termination with dbC (33.8 it 1.0) weighing significantly more than 

dbZD 



+ dbZD 
-m- dbC 
-&- dbZS 
-r-- lnZD 
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Figure 3. The effect of dietary zinc on body weight (g) at weeks 0, 2, 4 and 6. 
Treatment groups were dbZD = db/db zinc deficient, dbC = dbldb control. dbZS = 
db/db zinc supplement, LnZD = db/m zinc deficient, InC = db/m control, and lnZS = 
db/m zinc supplement. Data points represent means * SEM. n = 7 except for dbZS. 
M D .  and lnZS where n = 8, n = 6, n = 6, respectively. Different Lower case leners 
indicate significant differences benveen means as determined by Duncan's multiple 
range test. 
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and dbZS (29.0 g 1.9 and 29.5 * 1.0 g, respectively at week 6). Al1 lean mice were 

signififantiy different in weight fiom diabetics (20.1 1.5 g versus 30.7 i 4.0 g 

respectively), but there were no significant differences in body weight arnong lem mice 

due to dietary treatment during the course of the snidy. 

Mineral Status (Zn, Ca, P) 

Zinc status in this study was assessed in the femur as an indicator of longer t e m  zinc 

body pools. The dbZS group had a higher femur zinc concentration compared to both 

dbZD and dbC (3 1 1.4 vs. 224.0 and 142.9 pg/g dry weight. respectively) (Figure 4). This 

trend of higher femur zinc with higher concentrations of zinc in the diet was also 

observed in the lem mice. with InZS having the highest zinc concentration in the femur 

and lnZD the lowest (303.3 vs. 219.32 pg/g dry weight, respectively). In tems  of 

genotype, no significant differences in femur zinc concentration were observed in diabetic 

versus lem mice (258.6 vs 266.1 pg/g dry weight, respectively). In a further assessment 

of bone minera1 content. calcium and phosphorus concentrations were measured (Table 

4). Calcium and phosphorus concentrations exhibited a 2 1  ratio in the femur (Table 4) 

and were significantly different in the diabetic versus lean mouse genotype (220.9 vs. 

240.7 mg/g dry weight, respectively, for calcium; 11 1.5 vs. 126.7 mg/g dry weight, 

respectively, for phosphorus). Both calcium and phosphorus femur concentrations were 

lowest in the dbZD groups (Ca = 2 10.45 and P = 107.66 pg/g dry weight respectively) 

and were both 



dbldb 
db/m 

dbZD dbZS InC 

Figure 1. The effect of dietary zinc on fernur zinc concentration. Treatment groups 
were dbZD = db/db zinc deficisnt. dbC = db/db control, dbZS = db/db zinc 
supplement, lnZD = db/m zinc deticienr. InC = db/m control, and lnZS = db/m zinc 
supplement. Columns represent mean = SEM. n = 7 except for dbZS, InZD, and 
lnZS where n = 8. n = 6. n = 6 ,  rrspectively. Different lower case letters indicate 
significant differences brtween mems as determinrd by Duncan's multiple range 
test. 



TI ble 4. E ffects of dietary zinc on femur calcium and phosphorus. S e m  and kidney 
zinc, serum insulin. and urine indices of diabetes afier 6 weeks of dietary treatment ' 

- 

Treatment Groups 

dbZD dbC dbZS InZD InC InZS 

Femur Ca 
( W g  dry wt-1 

Femur P 
(Cr& dry wt. 1 

Femur Ca:P 
ratio 

Serum Zn 
(cldm0 

Kidney Zn 
(pp/g dry wt.1 

Serum Insulin 
(ndm 1) 

Urine glucose 
(mg/ 1 2 hours) 

Urine protein 
(mg1 2 hours) 

Urine 
Creatinine 

(mg12 hours) 

Values are means * standard error of the mean. Superscnpt letters indicate significant 
differences between means as detemined by Duncan's multiple range test. n = 7 except for 
dbZS, M D ,  and lnZS where n = 8, n = 6, n = 6, respectively. Due to sample pooling, n 
values are listed separately in the table where applicable. 

' dbZD = dbldb zinc deficient, dbC = db/db contr01, dbZS = dbldb zinc supplement, lnZD 
= db/m zinc deficient, 1nC = dblm control, lnZS = d b h  zinc supplement 



highest in the InZD group (Ca = 25 1 .O9 and P = 132.3 1 pg/g dry weight, respectively). 

However, there were no significant diet effects within either the db/db or db/m genotypes. 

Changes in senun zinc concentration in diabetic and lean genotypes were not 

significant in this study (1.52 vs. 1.26 pg/ml, respectively). In the diabetic group. there 

was a trend toward higher serum zinc concentration in the dbZS group versus dbZD and 

dbC (1.84 vs. 1.29 and 1.30 pg/ml, respectively). but it did not reach statisticai 

significance (Table 4). There was, however, a significant diet x genotvpe interaction. 

Zinc in the pancreas and kidneys was assessed as a measure of zinc 

distributionimaldistnbution in the body. Pancreatic zinc content in this study showed 

both genotypic and dietary treatment differences (Figure 5). In terms of genotype. the 

mean pancreatic zinc concentration in the diabetic mice was significantly lower than the 

lean mice (98.2 vs. 1 1 8.9 pg/g dry weight. respectively). The diabetic pancreas is often 

reported to be drpleted of zinc. and this study confirmed these findings as dbC was 

significantly lower than InC (8 1.9 vs. 109.3 pg/g dry weight). The zinc deficient diet in 

the db/db mice. however, failed to further decrease pancreatic zinc concentrations 

compared to the dbC group (87.8 vs. 81 -9 pg/g dry weight, respectively). The dietary zinc 

supplementation in the diabetics, however, restored pancreatic zinc concentrations to lean 

values. The dbZS had a mean pancreatic zinc concentration of 117.7 pg/g dry weight, 

which was not significantly different from lean controls, but significantly different from 

the other diabetic groups. dbZD and dbC. This higher concentration of pancreatic zinc in 

the dbZS group was the result of a higher zinc content in the pancreas, as pancreatic dry 



dbZD dbC dbZS lnZD InC lnZS 

Figure 5. The effect of dietary zinc on pancreatic zinc concentration. Treatment 
groups were dbZD = dbidb zinc deficient. dbC = dbidb control, dbZS = db/db zinc 
supplement, lnZD = db/m zinc deficient. InC = db/m control, and lnZS = db/m zinc 
supplement. Columns represent mean + SEM, n = 7 except for dbZS, InZD, and 
lnZS where n = 8, n = 6, n = 6 ,  respcctively. Different lower case letters indicate 
significant differences between means as determined by Duncan's multiple range 
test. 



weight did not significantly differ in the dbC versus the dbZS group (53.9 vs. 52.3 mg dry 

weight, respectively) (Appendix A). Kidney zinc, another rneasure of tissue zinc 

distribution, showed no significant differences due to genotype (97.4 vs.81.2 pg/g dry 

weight in diabetics vs. lean mice, respectively). Kidney zinc concentration was highest in 

the dbC group (127.1 pg/g dry weight), and significantly different fiom al1 other groups 

except dbZS (90.0 pg/g dry weight) (Table 4). It appears that the pancreas and kidney 

respond differently to both the diabetic state and dietary zinc administration in terms of 

zinc retention. 

Serum and Urine Indices of Diabetes 

This study exmined the effects of diet and genotype on cornmon diabetic indices. 

including serum concentrations of glucose and insulin. and urinary glucose, zinc, protein 

and creatinine excretion. The effects of both diet and genotype on serurn glucose 

concentrations were significanr (Figure 6). The diabetic group exhibited significantly 

higher serum glucose concentrations compared to lean groups (41 9.5 vs. 172.0 mg/dl, 

respectively). While this would be expected in diabetics, there was an interesting trend 

with respect to dietary zinc intake. Zinc supplemented diabetics (dbZS) had a 

significantly lower serum glucose concentration than the dbZD group (498.1 vs. 344.5 

mg/dl. respectively). The dbC group had an intermediate glucose concentration of 424.9 

mg/dl. This trend of lower serum glucose concentration with higher zinc in the diet was 

also observed in the lean mice, but did not reach statistical significance. To fhtfur 



dbZD dbC dbZS lnZD InC lnZS 

Figure 6. The effect of d i s t q  zinc on serum glucose concentration. Treatrnent 
oroups were dbZD = db/db zinc deficient. dbC = db/db control, dbZS = db/db zinc = 
supplement, lnZD = db/m zinc deficient. InC = db/m controI, and lnZS = db/m zinc 
supplement. Colurnns represent mean * SEM, n = 7 except for dbZS, InZD, and 
lnZS where n = 8, n = 6 ,  n = 6. respectively. Different lower case letters indicate 
significant differences between means as determined by Duncan's multiple range 
test. 
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Serum Glucose (mgldl) 

Figure 7. Scatter plot of femur zinc concentration vs. serum glucose concentration. 
Data points are values obtained fiom individual rnice, n = 38. Analysis by 
Spearman's correlation coefficient (r) revealed a signifiant negative correlation (r 
= -0.38, p = 0.015). 
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confirm an association between zinc statu in the body and semm glucose concentrations. 

a Spearman correlation was performed. There was a significant negative correlation 

(r = -0.38, p = 0.0 15) between senun glucose and fernur Snc concentrations (Figure 7). 

S e m  insulin concenmtions were highiy significant in terms of genotype and diet. 

Insulin concentrations were 100-275 fold higher in diabetic versus l em mice. The mean 

insulin concentration in the diabetic group was 19.02 ng/ml versus a mean of O. 12 n g h l  

in the lean genotype. This is to be expected because at the age of tennination (10 weeks 

of age), db/db mice would be at their peak of hypennsulinernia. Effects of dietary 

treatrnent were present only within the diabetic group. S e m  insulin concentration in 

diabetic controls (dbC) was 2 fold higher than either dbZD or dbZS (33.39 vs. 12-76 and 

13.46 ng/rnl. respectively) (Table 4). The lower insulin concentration in dbZS 

corresponds with the lower senim glucose concentration. suggesting that these diabetic 

parameters improved with zinc supplementation. However, in the dbZD group. the lower 

insulin concentration was associated with the highest serum glucose concentration of al1 

groups in the study. 

Urinary zinc excretion was rneasured to evaluate the degree of hyperzincuria in 

diabetic mice. Urinary zinc excretion in this study was influenced by genotype. with 

dietary zinc intake having a nonsignificant impact. The diabetic proups excreted 

approximately twice as much zinc as the lean groups over a 12 hour period (0.77 vs. 0.37 

pg Zd12 hours. respectively) (Figure 8). This confirms the higher urinary excretion by 

diabetic animals. 



dbZD dbC dbZS lnZD InC InZS 

Figure 8. The effect of dietary zinc on urine zinc concentration. Treatment groups 
were dbZD = db/db zinc dcticient. dbC = dbldb control, dbZS = db/db zinc 
supplement, lnZD = db/m zinc deficient, InC = db/m control, and InZS = d b h  zinc 
supplement. Colurnns represcnt mean = SEM, n = 7 except for dbZS, InZD, and 
1nZS where n = 8, n = 6. n = 6. respectivrly. Different lower case letters indicate 
significant differences between rneans as deterrnined by Duncan's multiple range 
test. 
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Urine parameters are presented in Table 4. U ~ a r y  glucose excretion was 50-200 fold 

higher in diabetic venus lean groups. Glucose excretion in the dbZD group was 

significantly lower than dbC (5.4 vs. 25.6 mgA2 hours. respectively). This was in 

contrast to the hi& serum glucose concentrations in dbZD. The dbC and dbZS groups 

were not significantly different. Urinay protein excretion, an index of rend damage. was 

not signficantly different between InC and dbC groups. Urinary protein excretion in the 

dbZD and dbZS groups was lower (50% and 45%, respectively) compared to the dbC 

group. however. these dityerences were not statistically significant.. Unnary creatinine 

excretion was originally rmployed in this study to act as a stable measurement against 

which urine glucose and protein could be quantified. However. it was revealed that 

crearinine values demonstrate significant genotypic variability. with lower creatinine 

excretion evident in the db/db mice cornpared to lean control rnice (0.06 1 vs. 0.106 md12 

hours. respectively). Creatinine excretion was significantly higher in InC versus dbC. 

with InC being over nvice as high as the dbC group (0.1 1 vs 0.04 m d l 2  hours, 

respectively ). 

Liver Lipid and Liver Weight 

Liver lipid concentration and weight of the liver were both genotypically different in 

this study. Diabetic mice had significantly higher liver weights compared to the lean mice 

(1.36 vs. 0.94 g wet weight at termination, respectively) (Table 5) .  In terms of diet, the 

dbC had a significantly higher liver weight than either dbZD or dbZS groups (1.49 vs. 

1.28 and 1.32 g, respectively). Liver weights were proportional to body weight, as the 



ratio of liver weight to body weight was approximately 0.045 in al1 treatment groups 

(Table 5). Higher liver weights in the diabetic genotype did not translate into higher liver 

lipid concentration, as  dbC and dbZS had less lipid per gram liver than the lean groups 

(96.5 and 98.6 mg lipid/g liver vs. 137.4-142.4 mg lipid/ g liver, respectively). 

Interestingly? the dbZD group had a liver lipid concentration not significantly different 

fiom the lean groups. However. when total lipid content of the liver was analysed. there 

were no significant difierences with either genotype or diet. 

Fat Pad Weight 

Fat pad weights were measured as an indication of obesiry in the db/db mice. Fat pad 

weight was significantly influenced by genotype, as fat content of the body was 

significantly higher in the diabetic versus the lean genotype (5.0 vs. 1.1 g, respectively) 

(Table 5). In terms of diet. the dbC group was found to have a significantly higher body 

fat content than the dbZD group (5.99 vs. 4.64, respectively). This higher fat content of 

the body of dbC did not translate to a higher percent body fat, as treatment groups within 

the diabetic or lem genotype did not significantly differ. 

Insulin Receptor Concentration and Tyrosine Kinase Phosphorylation 

Insulin receptor concentration was measured in this study to assess any dietary or 

genotypic effects as well as any relationships between receptor concentrations and semm 

glucose disposa1 and insulin status. Receptor concentrations in this study were not 



Table 5. ESfects of dietary zinc on liver lipid and liver weights. fat pad weights, insulin 
receptor concentration. basal and insulin-stimulated tyrosine kinase activity ' 

Treatment Groups * 
dbZD dbC dbZS lnZD InC lnZS 

Liver lipid 
concentration 
(mdg liver) 

Liver Iipid 
content 

(mg,/ liver) 
Liver weight 

(f) 

Liver weight / 
body weight (g) 

Y0 
Fat Pad Weight 

(9) 

Far pad weightl 
body weight (g) 

% 
Insulin Receptor 
Concentration 

(cpmhg protein) 

Tyrosine Kinase 
Phosphoryiation 

(basal) 
(pmoVm idmg 

phosphate) 
Tyrosine Kinase 
Phosphory lation 

(+ insulin) 
(pmoVmin/mg 

phosphate) 

I Values are means * standard error of the mean. Different superscnpt letters indicate 
significant differences behveen means as determined by Duncan's muitiple range test. n = 
7 except for dbZS, InZD, and lnZS where n = 8. n = 6 ,  n = 6, respectively. 

' dbZD = db/db zinc deficient, dbC = db/db control, dbZS = db/db zinc supplement, M D  = 
db/m zinc deficient, InC = db/m control, M S  = db/m zinc supplement 



significantly different in diabetic and lean genotypes (740.9 vs. 663.9 cpm/mg protein, 

respectively) (Table 5). The lnZD had a significantly higher receptor concentration when 

cornparcd to 1x12s (847.6 vs. 457.3 cpdmg protein, respectively). In the diabetic group, 

there were no significant differences in insuiin receptor concentration. 

Tyrosine kinase phosphorylation was measured to determine if there were any 

alterations in signal transduction activity in gastrocnemius muscle. Measurements were 

performed at basal activity levels as weil as in an insulin stimulated state. Since 

phosphorylation activity is higher in the insulin stimulated state. any differences benveen 

groups would be more easily discriminated. Rçsults in this study indicated that there was 

linle difference in tyrosine kinase activity in terms of diet. Activity was sirnilar in al1 

groups in the basal state (Table 5 ) .  In the insulin-stimulated state. overall activity was 

elevated and there was a significant effect of genotype. The dbC showed a trend toward 

higher values and significance was reached when comparing dbC versus 1x2s (0.003 1 vs. 

0.00 19 pmoUmidmg phosphate. respectively). 



V. Discussion 

The db/db mouse was used as mode1 for D M -  to investigate the effects of dietary 

zinc intake on the progression of diabetes. The diets were initiated at an early age. ie. 

weaniing, before significant clinical sipns were present to investigate the possibility of 

delaying diabetic progression in the zinc supplemented db/db and exacerbating clinical 

signs with marginal zinc deficiency in db/db. The dbZS had a significantly lower serum 

glucose (Figure 6 )  and insulin concentrations (Table 4). a significantly lower body weight 

(Figure 3, as well as pancreatic zinc concentrations equivalent to lean control values 

(Figure 5) .  Also interesting was the finding of a significant negative correlation between 

femur zinc and serum glucose concentrations (Figure 7). Serum glucose values clearly 

showed a trend to lower concentrations at higher concentrations of dietary zinc. Each of 

these results will be discussed in detail in the following sections. Together, these findings 

funher confirm the relationship between zinc status and glucose metabolism. 

Body Weights 

Both diet and genotype had a significant effect on body weight (Figure 3) .  

Genotypic differences in weight were significant and evidenced by lower weights in lean 

mice starting fiom week O of treatment. From 6 weeks of age and only 2 weeks into 

dietary treatrnent, the dbC group showed a significantly greater propensity towards 

obesity than either dbZD or dbZS groups. The Iower weights in the dbZD and dbZS 

groups may have resulted from an interaction of the dietary treatment and the db/db 



genotype, as manipulation of dietary zinc did not significantiy change body weights in the 

lean genotype. No significant change in body weight in the Lean mice also corifirms that 

the dietary zinc supplementation was not toxic at 300 ppm zinc. 

The differences due to genotype in weight gains and total weight are well 

documented in the db/db mouse. Hummel et al (1966) f i s t  chronicled the significant 

weekiy weight gains of the homozygous dbidb compared to their heterozygous lean 

littermates, and this study is clearly consistent with their Bndings. Other more recent 

reports by Orland & Permutt (1987) and Donaldson et al. (1986) also support the trend 

towards obesity in the db/db genotype. 

The differences in body weight due to diet in the db/db rnice in this study are not 

supported by existing literature. In the one available zinc study, Donaldson et al. (1986) 

reported no differences in the body weight of 17-18 week old control dbldb mice 

compared to db/db mice fed a 2 ppm zinc diet for 12 weeks. Zinc deficiencies are 

characteristically known to initiate anorexia and retard growth in animal and human 

models (Prasad, 1983; Reeves & O'Dell, 1983). It is plausible that our study initiated the 

zinc deficient diet at a more crucial point in growth and development than the study by 

Donaldson et al. (1986), and for that reason, the dbZD mice weighed 14.2% less than the 

dbC mice at week 6 of treatment. 

In a review of the existing literature, there is no data on the effects of dietary zinc 

supplementation on growth parameters in the db/db mouse. Therefore, one can only 

speculate as to why the dbZS group in Our study also weighed less than the dbC group. 

The lower body weight in dbZS mice may be the result of a reduced hyperphasia due to 
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irnprovements in insulin resistance and glucose disposal. Consequently, the result of a 

lowered body weight in dbZD and dbZS may be the same, but the physiological 

mechanisms behind it may differ. It would be interesting to compare the degree of insulin 

resistance in a glucose tolerance test to M e r  differentiate these dietary groups. 

Minerai Status (Zn, Ca, P) and Urine Indices of Diabetes 

Femur and s e m  zinc status are ofien employed to assess overall zinc status in the 

body. with femur zinc being a stable reflection of long-standing zinc deposition in the 

body. Significantly lower femur zinc concentrations have been reported in diabetic 

mouse models compared to their lean counterparts. Donaldson et al. (1 986) reported 10% 

lower femur zinc concentrations in 18 week old db/db mice. while Begin-Heick et al. 

(1985) reported a 22% lower femur zinc concentrations in 12-16 week old ob/ob mice 

compared to lean counterparts. This indicates potential presence of zinc deficiency in 

diabetic mouse models. We. however, did not observe a significant depletion of femur 

zinc concentration in the diabetic mice compared to lean groups. Significant differences 

in this study were the result of dietary zinc manipulations, wirh higher bone zinc 

concentrations evident with high dietary zinc intake (Figure 4). The finding of no 

significant genotypic differences in femur zinc concentrations was unexpected, but it is 

plausible that there is an age related effect that could be responsible for the discrepancy. 

Studies by Donaldson et al. (1986) suggest that there is a marked decrease in bone 

mineral accretion in the db/db compared to their lean controls from age 6 weeks on. In 

addition, they found a marked increase in lipid vacuoles in the db/db bone marrow 



starting at this age. This increase in bone lipid would artificiaily increase femur dry 

weight and dilute the zinc concentration. This perhaps explains significant differences in 

bone zinc between db/db and db/m mice terminated at - 16- 18 weeks of age (Donaldson et 

ai., 1986 & 1988; Levine et al.. 1983). In this study, mice terminated at 10 weeks of age 

may not exhibit these age related genotypic differences. 

There was a significant effect of dietary zinc supplementation on femur zinc 

concentrations. Our study demonstrated higher femur zinc concentrations with higher 

d i e t q  zinc intake in both die db/db and db/m mice. In other studies. the supplementation 

of zinc in the drinking water of db/db mice and in the diet of ob/ob mice failed to affect 

femur zinc concentrations (Levine et al., 1983; Begin-Hrick et al., 1985, respectively). 

Again, the ability to modulate femur zinc with dietary zinc may be due to an age effect. 

Our supplernentation began at weanling rather than in adult diabetic rnice, when 

depletions of bone minera1 may not be recoverable. 

In a funher assessment of bone mineral content, calcium and phosphorus 

concentrations were measured (Table 4). Results showed a proportionally sirnilar 

relationship between the two minerals as the calcium to phosphorus ratio was 4: 1. We 

observed a significant effect of genotype, with lower concentrations of both minerals in 

the db/db groups. In an assessment of femur minera1 status in the db/db strain without 

dietary zinc manipulation, Donaldson et al. (1988) also found that femur calcium 

concentrations were significantly lower in the diabetic genotype when compared to lean 

control mice at 18 week of age. The data on calcium and phosphorus supports the 

concept of lower bone mineral accretion in the db/db mouse. 
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As in the case of femur zinc, senim zinc concentrations in this study were not 

found to differ significantly between dbfdb and dbfm genotypes (Table 4). This is similar 

to Donaldson et al. (1986). who found semm zinc to be the same in db/db and lean 

controls at 18 weeks of age. These findings in the db/db mouse are in direct contrast with 

many human studies of non-insulin dependent diabetics. al1 of which report significantly 

lower serum zinc concentrations (< 70 pg/dl) in al1 or a subset of DM-2 patients when 

compared to healthy controls (Cmfïeld et al., 1984; Kiniaw et al., 1983; Niewoehner et 

al.. 1986; Sjogren et al.. 1988; Winterberg et al.. 1989). Thus. it may be that the zinc 

status of the diabetic mouse reveals a physiological difference in the etiology of the 

diabetic state in humans versus mice. 

While serum zinc showed no significant changes due to diabetes, the effsct of 

genotype on urinary zinc excretion was significant in our study. The zinc content in the 

urine was almost double in db/db rnice compared to lean controls during a 12 hour 

collection period (Figure 8). This higher urinary zinc excretion (hyperzincuria) is a 

cornmon occurrence in diabetes and other hypercatabolic States such as injury or 

starvation (Prasad, 1983). Excessive losses of zinc in the urine have also been reported 

by Levine et al. (1983) in the db/db mouse as well as in DM-2 diabetic patients (Pidduck 

et al., 1970; Kinlaw et al., 1983). The explanation for high urinary zinc excretion is 

obscure. Kinlaw et al. (1983) have suggested that the high excretion of zinc may be 

caused by hyperglycemia andlor a renal abnormality. The excretion of zinc in the urine in 

our study was not influenced by dietary zinc intake. 



The excretion of glucose in the urine of the dbldb mice was significantly higher 

than in the db/m control mice. Urinary glucose excretion was 50-200 fold higher in 

db/db mice venus lean controls (Table 4). Differences due to dietary treatment in 

diabetic groups revealed that glucose excretion by dbZD was significantly lower than 

either dbC or dbZS groups. This was in contrast to the high semm glucose 

concentrations in dbZD. Thus, it seems that the glucose is retained and not excreted as 

extensively in the dbZD group. Urinary protein excretion. a measure of the seventy of 

diabetes. was not signficantly different between dbC and InC groups (Table 4). There 

was a trend for lower protein excretion in dbZD and dbZS groups compared to dbC mice, 

however, these dinerences failed <O reach statistical significance. Urinary creatinine 

excretion was originally employed in this study to act as a stable measurement against 

which urine glucose and protein could be quantified. However. it was revealed that 

creatinine values show significant genotypic variability. Creatinine excretion, which is 

proportional to body muscle mass, was significantly lower in the diabetic genotype 

compared ro the lean controls (Table 4). It appears that despite a significantly higher 

body wcight(Figure 3). the db/db genotype may have significantly lower muscle mas .  

Higher concentrations of glucose and protein in the urine are a common condition 

in diabetes. However, it is not a variable that is often measured in animal models. There 

are no known studies in the cunent literature that identiS the glucose, protein or 

creatinine excretion rates of diabetic animals, with or without dietary zinc manipulation. 



Pancreatic and Kidney Zinc Concentrations 

Tissue zinc status is known to be altered in many diabetic animal models. In this 

study, there were significant differences in pancreas and kidney zinc concentrations in 

db/db versus lean groups. The pancreatic zinc concentrations of dbZD and dbC were 

significantiy lower than lean mice (Figure 5). This finding was expected as the zinc 

concentration in the hurnan diabetic pancreas has been reported to be -50% less than 

non-diabetics (Scoa & Fisher. 1938). More recently, significantly lower pancreatic zinc 

concentrations have been reported in db/db and ob/ob mice (Southon et ai., 1988 in 

db/db; Begin-Heick. 1985. Kennedy & Failla, 1987 in ob/ob). In our snidy. zinc 

supplementation of db/db mice (dbZS group) restored the pancreatic zinc concentration 

to that observed in lean controls. This higher concentration of pancreatic zinc in the 

dbZS group was the result of a higher zinc content in the pancreas, as pancreatic dry 

weight did not significantly differ in the dbC versus the dbZS group (Appendix A). This 

repletion of zinc in the pancreas has not been previously reported in the literature, and 

may be physiologically significant for diabetics. Since zinc is involved in insulin crystal 

structure and pancreatic insulin storage, this increased availability of zinc to the p-celis 

may assist in insulin granule storage and thus, insulin secretion (Roth & Kirchgessner, 

198 1 ). Since Boquist & Lemmark (1 969) reported a decreased granulation of the P-cells 

in zinc deficient animals. it would be interesting to investigate these new found effects of 

zinc supplementation on P-ce11 pathology and pancreatic function. 

The rend zinc concentration in the diabetic mice fed the control diet (dbC) was 

found to be significantly (1.4-1.7 fold) higher than al1 other treatment groups except 



dbZS (Table 4). This finding is in contrast to Donaldson et al. (1988) who observed a 

slightly lower rend zinc concentration in db/db mice cornpared to iean controls. Levine 

et al. (1983) found no alterations in kidney zinc concentration of the db/db mice, while 

Kennedy et al. (1986) noted slight, but significant decreases in rend zinc concentration of 

ob/ob mice. In contrast, streptozotocin-induced diabetic mice (a mode1 for DM-1) have 

significantly higher kidney zinc concentrations, but this can be normalized with daily 

injections of insulin (Failla & Kiser. 1981; Faiiia & Gardell. 1983: Yang and Chenan, 

1994). The observation that dbC mice had eievated renal zinc concentrations compared 

to dbZD and dbZS groups may be a reflection of the severity of their diabetes as 

indicated by s e m  and urinary glucose concentrations. Donaldson et al. (1988) noted 

that the greatest increases in renal zinc were in the mice identified as being the most 

diabetic. Since Kinlaw et al. (1983) suggested that u n n q  zinc excretion also may be 

due to renal abnormalities. investigations into the associations between zinc status, renal 

function and diabetic sever i l  seem warranted. 

Serum Glucose and Insulin 

Fasting serurn glucose and insulin concentrations both aid in determining the 

degree of insulin resistance and insulin sufIiiciency in diabetes. The db/db mice as a 

group had significantly higher senim glucose concentrations (Figure 6). This finding of 

higher semm glucose in the db/db was expected and follows the general observations of 

many others (Coleman, 1978; Hummel et al., 1966; Levine et al., 1983; Roesler & 
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Khandelws, 1985; Orland & Permutt, 1987). Senun glucose concentrations were 

modulated with diet, as serum glucose concentrations were lower with higher dietary zinc 

intake. This trend was observed in bodi the diabetic and lem genotypes. Since this study 

was the first to assess glucose s ta tu  in both the zinc deficient and zinc supplemented 

diabetic animal model. there is no published literature to confirm Our finding of lower 

serum glucose concentration in the supplemented state. Many papes, however. do agree 

with our finding of a higher serurn glucose concentration in the zinc deficient groups. 

Southon et a1.(1988) found that a low zinc diet ( 1  ppm zinc) fed for 4 weeks resulted in 

significantly higher fasting s e m  glucose concentrations in 8-9 week old db/db mice. .As 

well. Reeves and O'Dell (1983) observed higher semm glucose concentrations in zinc 

deficient, non-diabetic rats. Others have reported impaired oral glucose tolerances with 

zinc deficiency (Boquist & Lemmark. 1969; Hendricks & Mahoney, 1972; Park et al., 

1986). Given the evidence from other studies as well as our own, it appears that zinc 

clearly idluences tissue glucose uptake in the diabetic as well as in non-diabetic state. It 

will take further investigation to clearly identi- the role of a zinc supplementation in 

diabetic glycernic management. 

Given the findings of lower serum glucose concentrations with higher dietary zinc 

intake. it was expected that serum insulin concentrations would also reflect a sirnilar 

relationship. Such was not the case. as the semm insulin concentration was highest in 

dbC, and sirnilar lower concentrations were evident in both the zinc deficient and zinc 

supplemented db/db groups (Table 4). It would seem that any dietary shift in zinc, be it 

deficient or excessive, lowers semm insulin concentrations. The mechanism involved, 



however, rnay differ. The lower serum insulin concentration in the dbZS group in this 

study is sirnilar to the results of Bégin-Heick et al. (1 985). They observed that 9- 12 week 

old ob!ob mice fed a 1000 ppm zinc supplernented diet for 4 weeks had lower fasting 

plasma insulin concentrations during glucose tolerance testing. It may be that the lower 

serurn insulin concentration in dbZS compared to dbC in our study was the result of an 

improved glucose uptake by penpheral tissues. 

The lower serum insulin concentration in the dbZD group compared to the dbC 

group has also been confirmed by the l i t e r a ~ e .  Zinc deficient rats have significantly 

lower concentrations of circulating insulin in the face of high serum glucose 

concentrations (Huber & Gershoff, 1973). In that study, Huber and Gershoff (1973) 

detemined that pancreatic insulin synthesis was normal. Thus, it appears that in the zinc 

deficiency, there may bs an impaired insulin release and/or an elevated degradation of 

circulating insulin. 

Liver Lipid 

It has been proposed that elevated liver lipid concentration in the diabetic state is 

the result of hyperinsulinemia (Zucker and Zucker, 1962). Liver lipid concentration and 

weight of the liver were both genotypically significant in this study. Diabetic mice had a 

significantly higher liver weight cornpared to the lean groups (Table 5). The liver weight 

of the dbC group was significantly higher than either dbZD or dbZS rnice. Liver weights, 

however. were found to be proportional to body weight, as the ratio of liver weight to 
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body weight was approximately 0.045 in al1 treamient groups (Table 5). This higher liver 

weight in the diabetic genotype did not tramlate into higher liver Iipid content, a s  dbC and 

dbZS had less lipid per gram liver than the lem groups. Interestingly, the dbZD group 

had a liver lipid concentration not significantly different fiom the lean groups. However, 

when total lipid content of the liver was analysed, there were no significant differences 

with either genotype or diet. This is opposed to the finding of Koe et al. (1985). who 

observed a higher liver lipid content in diabetic Zucker rats. 

Fat Pad Weight 

Fat pad weights were measured as an indication of the degree of obesity in the 

db/db mice. Fat pad weight was significantly influenced by genotype, as fat content of the 

body was significantly higher in the diabetic versus the lean genotype (Table 5). In terms 

of dietary treatment, the dbC group had a significantly higher body fat content than the 

dbZD group. This higher fat content of the body of dbC did not translate to a higher 

percent body fat, as treatment groups within the diabetic or lean genotype did not 

significantly differ. These finding are dificuit to confirm with the ccurrent literature, as 

fat pat weights have not previously been reported in a zinc manipulated db/db mouse. 

Insulin Receptor Concentration and Tyrosine Kinase Phosphorytation 

In a state of insulin resistance, one of the possible cellular defects could be 

reduced binding of insulin to its ceIl surface receptor. Alternatively, depressed insulin 



action could be the result of an altered or deficient iniracellular transduction signal 

(Saltiel, 1990; Crettaz & Jearrenaud, 1980). 

Receptor concentrations in this study were not significantly different in diabetic 

and lean genotypes. In terms of diet, the lnZD group had a significantly lower receptor 

concentration when compared to LnZS mice (Table 5 ) .  

There was little difference in tyrosine kinase activity in ternis of genotype or diet. 

Activity was sirnilar in d l  groups in the basal state, aithough there was a trend toward 

lower values in the dbZD and dbC groups (Table 5). In the insulin-stimulated state. 

overall activity was elevated and there was a significant effect of genotype. There were 

no significant differences due to diet. but the dbC group showed a trend towards higher 

values. 

The results ofour study are difficult to confirm with the current literature. Firstly. 

the method for isolating the insulin receptors employed in this study is relatively new 

(Klein et al., 1995). The use of antibodies to adhere the receptors is preferable to the 

alternative of partial purification on lectin columns of wheat germ agglutinin agarose 

(Klein et al., 1995). Isolation of receptors via an anti-insulin receptor antibody is reported 

to lower background activity in kinase determinations and lower non-specific binding for 

receptor binding measurements (Klein et ai., 1995). It is also reported to reduce the 

bound insulin receptor to IGF-1 receptor ratio from 2: 1 as in the wheat germ agglutinin 

agarose rnethod to a < 10: 1 ratio (Klein et al., 1995). Klein et al. (1995) also note that the 

procedure avoids significant losses of receptors and does not select recepton according to 

their glycosylation as the lectin procedures does. 
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This antibody procedure has not previously been utilized for study in the db/db 

mouse. Based on the wheat germ agarose method, there were no differences in binding or 

kinase activity in the hind limb muscle of 24 week old db/db compared to lem controls 

(Vicario et ai., 1987). Their rationale for the finding of no change was that the db/db 

exhibits a decrease in insulinernia over time. This towering of insuiin concentration 

would reduce the dom-regulation of the insulin receptors, thus restoring normal binding. 

This. however, does not seem Iikely as our study also failed to find a decrease in insulin 

receptor concentrations or tyrosine kinase activity, despite very high concentrations of 

circulating insulin at the açe of 10 weeks. The highest semm insulin concentrations were 

in the dbC group and the lowest were in the non-diabetic leans. Yet. the concentration of 

receptors or kinase activity in dbC mice was not significantly lower than that of any lean 

group. 

In human studies. Comi et al. (1987) reported that diabetic patients exhibited a 

significantly lower insulin receptor tyrosine kinase activity. They note that this lorver 

activity is above that which may be the result of lower insulin receptor concentrations. It 

appears that alterations at the receptor level reveal differences in the etiology of DM-2 in 

animal models versus humans. Since these animals are clearly insulin resistant, further 

investigation into signal events in the insulin receptor transduction pathway will be 

required to reveal the causative factors for their pathology. The db/db mouse mode1 also 

offers an excellent means to investigate the interaction of nutrition and genetics. 



VI. Summary and Conclusions 

The objective of the cument experiment was to investigate the effects of dietary 

zinc manipulation on zinc status and diabetic parameters in the diabetic mouse (db/db), a 

model for DM-2. The goal was to detemine the role of zinc in insulin action and to 

elucidate the potential benefits of a zinc supplernentation to diabetic pathology. 

The use of the db/db mouse as a model for DM-2 was successful. By the age of 

10 weeks. db/db mice exhibited significant increases in body weight. glycernia, 

insulinernia and glycosuna compared to db/m littermates. The zinc status of the dbidb 

rnice was dso  influenced by the diabetic state as indicated by alterations in pancreatic and 

urine zinc concentrations in db/db compared to db/m control rnice. The use of db/m as 

the lem controi also documented the effects of zinc in a non-diabetic rnouse. 

Zinc supplementation in the db/db mouse was investigated to ascertain its 

beneficial effects on diabetic parameters. The dbZS group had a significantly lower 

semm glucose concentration compared to dbZD and also exhibited a significantly lower 

concentration of semm insulin than dbC. These findings suggest that dietary zinc 

supplementation may restore penpheral glucose disposal and lessen excessive insulin 

secretion fiorn the pancreas. The dbZS had the lowest serum glucose and the highest 

pancreatic zinc concentration amongst the db/db groups. These results M e r  confirm 

the requirement for adequate zinc concentrations in the pancreas. Since the trend was for 

glucose concentrations to be lower with higher concentrations of dietary zinc in both the 
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diabetic and lean genotypes, it appears that zinc supplementation rnay have a beneficial 

effect for diabetic management. Further investigations into optimal dose requirements 

and the effects of zinc supplementation on glycemic control in humans with DM-2 

appears to be indicated. 

The effects of the zinc deficiency in dbidb mice were also pronounced. The dbZD 

exhibited a significantly lower body weight by week 6 cornpared to dbC, the highest 

serum glucose concentrations of al1 treatment groups, and lower pancreatic zinc 

concentrations compared to dbZS and al1 db/m groups. These findings would be 

indicative of reduced glucose utilization and disposal. The dbZD group also had a 

significantly lower concentration of circulating s e m  insulin compared to dbC. These 

results were unexpected given the high senun glucose values, but the lower 

concentrations of serum insulin may be an indication that pancreatic secretion is altered or 

limited in rnarginally zinc deficient db/db mice. Altematively, there may be a higher 

degradation of circularing insulin compared to dbC. Further research into pancreatic islet 

h c t i o n  as well as time-charted oral glucose tolerance tests in the zinc deficient db/db 

rnouse appear warranted. 

The effect of genotype on tissue zinc status was determined to assess the degree of 

zinc maldistribution in the diabetic state. The db/db rnouse, as evidenced by findings in 

the dbidb genotype compared to thedb/m genotype, exhibited a significantly lower 

pancreatic zinc concentration and significant hypenincuria. The db/db rnouse did not, 

however, exhibit significant depletions of semm or femur zinc concentration. This was 

unexpected, but reveals that the db/db mouse may be more resistant to the actions of 



marginal zinc deficiency. This is in contrast to many reports of a lower senim zinc 

concentration in DM-2 patients (Canfieid et al., 1984; Kinlaw et al., 1983; Niewoehner et 

al., 1986; Sjogren et al., 1988; Winterberg et al., 1989). It appears that zinc statu reveais 

some physiological variations in DM-2 as evidenced by animal models. 

The final goal of this study was to relate the effects of the zinc diets to events at 

the molecular level. The findings in t h i s  study revealed no significant effects due to diet 

on insulin receptor concentration or tyrosine kinase activity. In addition, the diabetic 

groups did not exhibit lower insulin receptor nurnbers or tyrosine kinase aciivity. This 

was unexpected and reveals that the underlying causes for insulin resistance in the db/db 

mouse remain to be elucidated. Study into the basic mechanisms and pathways in insulin 

signal transduction will funher the effort in establishing the molecular ba i s  for altered 

insuIin action in DM-2. 

In conclusion, the results of this study reveal that zinc status is inversely correlated 

with serum glucose concentrations in genetically diabetic mice. Dietary zinc 

supplementation also assisted in ameliorating high serum glucose concentrations in both 

db/db and db/m mice. Funlier inquiry into the role of zinc supplementation for DM-2 

patients is c1early warranted. 



References 

Arquilla, E.R., Packer S., T m a s ,  W., & Miyamoto, S. (1978) Effect of Zn on insuiin 

metabolism. Endocnnology 1 03(4): 144 149.  

Arquilla, E.R., Thiene, P., Brugman, T., Ruess, W., & Sugiyama, R. (1978) Effects of 

Zn on the conformation of antigenic determinants on insulin. Biochem. J. 

175289-97. 

Barnard, R.J. & Youngren J.F. (1 992) Regulation of glucose transport in skeletal muscle. 

FASEB J. 63338-3244. 

Bégin-Heick, N.. Dalpé-Scott. M., Rowe, J.. & Heick, H.M.C. (1985) Zinc 

supplementation artenuates insulin secretos. activity in pancreatic islets of the 

ob/ob moue. Diabetes 34: 179-83. 

Bathena, S.J., Berlin. E.. Revett, K. & Omrnaya, A.E.K. (1986) Modulation of 

erythrocyte insulin receptors by dietary lipids. Ann. N. Y. Acad. Sci. 463: 165-67. 

Bettger, W.J. & O'Dell. B.L. (198 1)  Cntical physiological role of zinc in the structure 

and h c t i o n  of biornernbranes. Life Sci. 28: 1433-1338. 

Bettger, W.J. & OfDeIl, B.L. (1993) Physiologicai roles of zinc in the plasma membrane 

of mamrnalian cells. J. Nutr. Biochern. 4: 194-207. 

Blackard, W.G., & Guzelian. P.S. (1 978) Dow-regulation of insulin receptors in 

primary cultures of aduit rat hepatocytes in monolayer. Endocrinology 

1 O3:548-554. 



Blostein-Fujii, A., DiSilvestro, R.A., Fnd, D., Katz, C., & Malarkey, W. (1 997) 

Short-term zinc supplementation in women with non-insulin-dependent diabetes 

rnellitus: Effects on plasma 5'-nucleotidase activities. insulin-like growth factor 1 

concentrations, and lipoprotein oxidation rates in vitro. Am. J. Clin. Nutr. 

66:639-42. 

Boquist, L. & Lemmark. A. (1 969) Effects on the endocrine pancreas in chinese 

hamsters fed zinc deficient diets. Acta. Path. Microbiol. Scand. 7 6 2  15-28. 

Bowers. L.D. & Wong. E.T. (1980) Kinetic serurn creatinine assays. IL An initial 

evaluation and review. Clin. Chem. 26:255. 

Bray, G.A. (1977) The zucksr-fatty rat: A review. Fed. Proc. 36(2): 148-53. 

Canfield, W.K., Hambridge. K.M. & Johnson, L.K. (1981) Zinc nutrinue in type 1 

diabetes mellitus: Relationship to growth measures and metabolic control. J. 

Pediatr. Gastroentsrol. Nutr. 3 577-84. 

Caro. J.F., Sinha, M.K., Kolaczynski. J. W.. Zhang, P.L.. & Considine. R.V. (1996) 

Leptin: The tale of an obesity gene. Diabetes 45: 1455-1 462. 

Chen, H., Charlat, O.. Tartaglia. L.A.. Woolf, E.A., Wrng, X., Ellis, S., Lakey, ND.. 

Culpepper, J., Moore. K.J., Breitbart, R.E., Duyk, G.M., Tepper, R.I. & 

Morgenstern, J.P. ( 1996) Evidence that the diabetes gene encodes the leptin 

receptor: Identification of a mutation in the leptin receptor gene in db/db mice. 

Ce11 84:49 1-95. 



79 

Clegg, M.S., Kenn, C.L., Lonnerdal, B. & Hurley, L.S. (198 1) Influence of ashing 

techniques on the analysis of trace elements in animal tissues. 1. Wet ashing. Biol. 

Tr. Elem. Res. 3 : 107- 1 15. 

Coleman, D.L. (1978) Obese and Diabetes: Two mutant genes causing diabetes-obesity 

syndromes in mice. Diabetologia 14: 14 1 - 148. 

Coleman, D.L. ( 1982) Diabetes-obesity syndromes in mice. Diabetes. 3 1 (Suppl. 1 ): 1-6. 

Coleman. D.L., & Hummel, K.P. (1 969) Effects of parabiosis of normal with geneticaliy 

diabetic mice. Am. J. Physiol. 2 1 7: 1298- 1304. 

Corni. R.J.. Gmnbcrger. G. & Gorden. P. (1987) Relationship of insulin binding and 

insulin-stimulated tyrosine kinase activity is altered in type Il diabetes. J. Clin. . 
Invest. 79:453-62. 

Consoli, A., Nurjhan, N.. Capani. F., & Gerich, J. (1989) Predominant role of 

gluconeogenesis in increased hepatic glucose production in NIDDM.. Diabetes 

38550-557. 

Coulston. 1. & Dandona, P. (1980) Insulin-like effect of zinc on adipocytes. Diabetes 

291665-67. 

Crettaz, M. & Jeanrenaud. B. (1980) Postreceptor alterations in the States of insulin 

resistance. Metabolism 29(5):367-73. 

DeFronzo, R.A. (1 992) Pathogenesis of type 2 (non-insulin dependent) diabetes meIlitus: 

a balanced overview. Diabetologia 35:389-97. 

DeFronzo R.A. & Ferrannini, E. (1987) Regulation of hepatic glucose rnetabolism in 

humans. Diab. Metab. Rev. 3:4 1 5-459. 



Dodson, E.G., Dodson, G.G., Lewitova, A. & Sevesan, M. (1978) Zinc free cubic pig 

insulin: Crystallization and structure determination. J. Mol. Biol. 125:387-96. 

Donaldson, D.L., Kubo, C., Smith, CC., & Good, R.A. (1986) Effects of genetic 

diabetes and zinc nutriture on in vivo cell-rnediated irnmunity in the mouse. Am. 

J. CIin. Nutr. 43 :263-27 1. 

Donaldson. D.L.. Smith. C C ,  Walker. M.S., & Remert, O.M. (1 988) Tissue zinc and 

copper levels in diabetic C 5 7 B L k J  (dbldb) mice fed a zinc deficient diet: Lack 

of evidence for specific depletion of tissue zinc stores. J. Nutr. 1 18: 1502-08. 

Donaidson, D.L., Smith, C C ,  & Remen, O.M. (1986) Decreased bone minera1 content 

in the diabetic db/db mouse. Pediatr. Res. 20:328i\. 

Droke. E.A.. Spears, J. W., Armstrong, J.D., Kegley, E.B.. Simpson, R.B. (1993) Dietary 

zinc affects serurn concentrations of insulin and insulin-like growth factor 1 in 

growing lambs. J. Nutr. 123 : 13- 19. 

Ezaki. O. (1 989) IIb group metal ions (Zn2*, cdL+, Hg2-) stimulate glucose transport 

activity by post-insulin receptor kinase mechanism in rat adipocytes. 1. Biol. 

Chem. 264(77): 1 6 1 1 8- 122. 

Failla, M.L. & Gardell, C.Y.R. (1985) Influence of spontaneous diabetes on tissue s ta tu  

of zinc, copper, and rnanganese in the BB wistar rat. Proc. Soc. Exp. Biol. Med. 

180:3 17-22. 

Failla, M L .  & Kiser, R.A. ( 1  98 1 ) Altered tissue content and cytosol distribution of trace 

metais in experimental diabetes. J. Nutr. 1 1 1 : 1900-09. 



8 1 

Felber, J.P., Meyer, B., Curchod, H.U., Iselin, J., Rousselle, E., Maeder, P., Pahud, E. & 

Jequier, E. (1 98 1 ) Glucose storage and oxidation in different degrees of human 

obesity measured by continuous indirect calorimetry. Diabetologia 20:39-44. 

Findik, D. & Presek, P. (1 988) Zn2- enhances protein tyrosine kinase activity of human 

platelet membranes. FEBS Lett. 13 S(I -2):j 1-56. 

Folch, I., Lees, M. & Sloane. S.G.H. ( 1956) A simple method for the isolation and 

purification of total lipides from animal tissues. J. Biol. Chem. 226:497-509. 

Friedenberg, G.R., Henry. R.R.. Klein, H.H.. Reichart, D.R. & Olefsky, J.M. (1 987) 

Decreased kinase activity of insulin receptors fiom adipocytes of non-insulin 

dependent diabetic subjects. J. Clin. Invest. 79( 1 ):NO-50. 

Garvey, W.T., Olefski. J.M., Griffin, J.. Hamman, R.F., & Kolterman, O.G. (1985) The 

effect of insulin treatment on insulin secretion and insulin action in type II 

diabetes mellitus. Diabetes 34222-34. 

Gavin, J.R., Roth J., Br Neville D M .  (1 974) Insulin dependent regulation of insulin 

receptor concentrations: .4 direct demonstration in ce11 culture. Proc. Natl. Acad. 

Sci. USA 71 :84-88. 

Gomot, M.J., Faure, P., Roussel, A., Coudray, C., Osman, M. & Favier, A. (1992) Effect 

of acute zinc deficiency on insulin receptor binding in rat adipocytes. Biol. Tr. El. 

Res. 3233 1-35. 

Groop, L., Bonadonna, R., DelPrato, S., Rahteiser, K., Zyck, K., Ferrannini, E., & 

DeFronzo, R (1 989) Glucose and free fatty acid metabolism in non-insulin 

dependent diabetes mellitus. J. Clin. Invest. 84:205-2 13. 



Grundleger, M.L. & Thenen, S.W. (1982) Decreased insulin binding, glucose transport, 

and glucose metabolism in soieus muscle of rats fed a high fat diet. Diabetes 

1 :232-37. 

Gustafson, T.A. & Rutter, W.J. (1990) The cysteine-nch domains of the insulin and 

insulin-like growth factor 1 recepton are primary determinants of hormone 

binding specificity. J. Biol. Chem. 265(30): 18663-67- 

Halaas, J., Gajiwala, K.S.. Maf%ei, M.. Cohen. S.L., Chait, B.T., Rabinowitz, D., Lallone, 

R.L.. Burley. S .K., Freidman. JJM. ( 1995) Weight-reducing effects of the plasma 

protein encoded by the obese gene. Science. 269543-46. 

Hamann, A.. Beneche. H.. Le Marchand-Brustely Y., Susulic, V.S.. Lowell, B.B., & Flier, 

J.S. (1993) Characterization of insulin resistance and NIDDM in transgenic rnice 

with reduced brown fat. Diabetes 44: 1266-73. 

Heinegard, D. & Tiderstrom, Ci. (1 973) Determination of serurn creatinine by a direct 

colorimetric method. Clin. Chim. Acta. 43505- 1 1. 

Hendricks, D.G. & Mahoney, A.W. (1 972) Glucose tolerance in zinc-deficient rats. J. 

Nue. 102: 1079-84. 

Huber, A M .  & Gershoff. S.N. (1973) Effect of zinc deficiency in rats on insulin release 

From the pancreas. J. Nutr. 103 : 1739-44. 

Hummel, K.P., Dickie, MM., & Coleman, D.L. (1966) Diabetes, a new mutation in the 

mouse. Science 1 53 : 2 127-8. 

Kahn, C.R. (1 994) Insulin action, diabetogenes, and the cause of type II diabetes. 

Diabetes 43 : 1066-84. 



83 

Kahn, C.R. & White, M.F. (1988) The insulin receptor and the molecular mechanism of 

insulin action. J. Clin. Invest. 82: 1 1 5 1 -56. 

Kennedy, M L .  & Failla, M.L. (1987) Zinc metabolism in genetically obese (ob/ob) 

rnice. J. Nutr. 1 1 7:886-893. 

Kennedy, M.L., Failla, ML.,  &: Smith, J.C. (1986) Influence of genetic obesity on tissue 

concentrations of zinc, copper. manganese and iron in mice. J. Nutr. 1 16: 1 G Z - J  1. 

Kinlaw, W.B., Levine, A.S., Morley. I. Silvis, S.E.. McClain, C.J. (1 983) Abnormal zinc 

metabolism in type II diabetes rnellitus. Am. I. Med. 75273-77. 

Klein, H.H., Kowalewski, B., Drenckhan, M., Neugebauer. S.' iMatthaei, S., & Kotzke, G. 

(1993) A microtiter well assay system to mesure insulin activation of insulin 

receptor kinase in intact human mononuclear cells. Diabetes 42883-90. 

Klein, H.H., Vestergaard, H.. Kotzke, G., & Pederson, 0. (1 995) Elevation of serum 

insulin concentration during euglycemic hyperinsulinemic clamp studies leads to 

similar activation of insulin receptor kinase in skeletal muscle of subjects with and 

without NIDDM. Diabetes 44: 13 10- 13 17. 

Knowler, W.C., Narayan, K.M.V., Hanson, R.L., Nelson, R.G., Bennett, P.H., 

Tuomilehto, J., Schersten, B. & Pettitt, D.J. (1995) Preventing non-insulin- 

dependent diabetes. Diabetes 44483-88. 

Knowler, W.C., Pettitt, D.J., Saad, M.F., & B e ~ e t t ,  P.H. (1 990) Diabetes rnellitus in the 

Pima Indians: Incidence. risk factors and padiogenesis. Diabetes. Metab. Rev. 

6:  1-27. 



Kobayashi, M. & Olefsky, J.M. (1978) Effect of e.xperirnenta1 hyperinsuiinoma on 

insulin binding and glucose transport in isolated rat adipocytes. Am. J. Physiol. 

235 :ES-E62. 

Koe, ET.,  Mueller, J.. Osilesi, O.. Knehans, A. & Reiser, S. (1985) Effects of fmctose 

feeding on lipid parameters in obese and lean diabetic and nondiabetic zucker rats. 

J. Nutr. 1 1 5(10): 1 174-84. 

Laakso. M. & Pyorala K. (1985) Age of onset and type of diabetes. Diabetes Care. 

8: 1 14-17. 

L'Abbé. M.R. & Fischer. P.W.F. (1984) The effects of high dietary zinc and copper 

deficiency on the activity of copper-requiring metalloenzymes in the growing rat. 

J. Nutr. f l+8 13-22. 

Leahy, J.L., Weir. S., & Weir G.C. (1992) Beta-ce11 dysîûnction induced by chronic 

hyperglycemia: Current ideas on mechanism of impaired glucose-induced insulin 

secretion. Diabetes Care 1 5 :4Q-E. 

Lee. G.H., Proenca, R.. Montez, J.M., Carroll, K.M. Darvishzadeh, J.G., Lee, J.I. & 

Friedman. J.M. ( 1996) Abnormal splicing of the leptin receptor in diabetic mice. 

Nature 379:632-35. 

Leiter, E.H., Coleman, D.L., & Hummel, K.P. ( 198 1) The influence of genetic 

background on the expression of mutations at the diabetes locus in the mouse: 

Effect of H-2 haplotype and sex. Diabetes 30: 1029-34. 

Lemonnier, D., DeGasquet, P., MacKay, S., Plauche, E., Alexiu, A., Rosselin, G., & 

Loiseau, A. (1989) Different Ievels of food restriction have opposite efiects on 



adiposite cellularity and lipoprotein-lipase a&ty in obese rats. Diabetes & 

Metab. 15:394-402. 

Levine, A. S., McClain, C-J., Handwerger, B.S., Brown, D.M., & Morley, J.E. (1 983) 

Tissue zinc status of geneticaily diabetic and streptozotocin-induced diabetic mice. 

Am. J. Clin. Nutr. 37:382-86. 

Lowry, OH., Rosebrough, N.J., Farr, A.L. & Randali, RJ. (195 1) Protein rneasurement 

with the f o h  phenol reagent. J. Biol. Chem. 1931265-75. 

Marshaii, J . k ,  Hoag, S., Shetterly, S.; & Hamman, RF. (1 994) Dietary fat predicts 

converstion from impaired glucose tolerance to MDDM. Diabetes Care 1750-56 

May, J.M. & Contoreggi, C.S. (1982) The mechanism of the insuiin-like effects of ionic 

zinc. J. Biol. Chem 257:4362-68. 

McClain, D.C., Maegawa, H., Lee, J., Ullrich, A, & Olefsky, J.M. (1987) A mutant 

receptor with defective tyrosine kinase displays no biological activity and does not 

undergo endocytosis. J. Biol. Chem. 262: 14663-71. 

Myers, i.R & White, M.F. (1993) The new elements of insulin signabg: Insuiin 

receptor substrate-1 and proteins with S H 2  domains. Diabetes 42:643-650. 

Niewoehner, C.B ., M e n ,  J.A., Boosalis, M., Levine, A. S., & Morley, J.E. (1 986) Role of 

zinc supplementation in type II diabetes meilitus. Am. J. Med. 8 1 :63-68. 

Odawara, M., Kadowaki,T., Yamamoto, R,Shibasaki, Y., Tobe, K., Accili, D., Bevins, 

C., Mikami, Y., Akanurna, Y., Takaaku, F., Taylor S.L, & Kasuga, M. (1989) 

Human diabetes associated 16th a mutation in the tyrosine kinase domain of the 

Uinilin receptor. Science 245:66-68. 



Orland, M.J. & Pemutt, M.A. (1987) Quantitative analysis of pancreatic proinsulin 

mRNA in genetically diabetic (dbidb) mice. Diabetes 36:M 1-47. 

Park, J.H.Y., Carter, J.. Grandjean, J., Hart, M.H., Erdman, S.H., Pour, P., & Vanderhoof, 

J.A. (1986) Effect of pure zinc deticiency on glucose tolerance and insulin and 

glucagon levels. Am. J. Physiol. 25 1 :E273-78. 

Pfeifer, MA., Halter, J-B.. & Porte, D. ( 198 1 ) Ensulin secretion in diabetes rneilitus. 

Am. J. Med. 78579-88. 

Pidduck, H.G.. Wren. P.J.J.. & Price-Evans, D.A. (1970) Hyperzincuria of diabetes 

mellitus and possible genetic implications of this observation. Diabetes 

1 9(4):240-47. 

Prasad, AS.  (1983) Clinicai, biochemical and nutritional specuum of zinc deficiency in 

human subjects: An update. Nutr. Rev. 31 (7): 197-208 

Quartexman, J., Mills, C.F., & Humphries, W.R. (1 966) The reduced secretion of, and 

sensitivity to insulin in zinc-deficient rats. Biochem. Biophys. Res. Cornrn. 

25(3):354-58. 

Raz. 1.. Adler. J.H., & Havivi, E. (1988) Altered tissue content of trace metals in diabetic 

hyperinsulinaemic smd rat (psammomys obesus). Diabetologia 3 1 :379-33. 

Reeves, P.G. & O'Dell, B.L. (1983) The effect of zinc deficiency on glucose rnetabolism 

in meal-fed rats. Br. J. Nutr. 49:441-52. 

Reeves, P.G., Neilson, F.H., & Fahey, G.C. (1993) AM-93 Purified die& for laboratory 

rodents: Final report of the Amencan Institute of Nutrition ad hoc writing 

cornmittee on the reforrnation of the AIN-76A rodent diet. J. Nutr. 123: 1939-5 1. 



87 

Robinson, L.K. & Hurley, L.S. (1 98 1 ) Effect of matemal zinc deficiency of food 

restriction on rat fetal pancreas. 2. Insulin and glucagon. J. Nutr. 1 1 1 :869-77. 

Roesler, W.J. & Khandelwal, R.L. (1 985) Age-related changes in hepatic glycogen 

metabolisrn in the genetically diabetic (db/db) mouse. 34:NMO 1. 

Rosen, O.M. (1 987) Afier insulin binds. Science 237: 1453-58. 

Roth. H.P. & Kirchgessner. M. (i98 1 )  Zinc and insulin metabolism. Biol. Tr. Elem. 

Res. 3: 13-32. 

Saad. M.F.. Knowler, W.C.. Pettitt, D.J.. Nelson, R.G., Charles _MA.. & Bennett, P.H. 

(1 99 1) A two-step mode1 for developrnent of non-insulin-dependent diabetes. 

Am. J. Med. 90:229-35. 

Saltiel. AR.  (1990) Signal transduction in insulin action. I. Nutr. Biochem. 1 : 18 1-87. 

Sandstead. H. ( 1995) Rsquirements and toxicity of essential trace slernents, illustratrd 

by zinc and copper. Am. J. Clin. Nutr. 6 1 jsuppl):62 1 s-24s. 

Scheck. S.H., Barnard R.J.. Lawani. L.O., Youngren, J.F., Martin, D.A. & Singh. R. 

(1991) Effects of NIDDM on the glucose transport system in human skeletal 

muscle. Diabetes Res. 16: 1 1 1 - 1 19. 

Schmidt-Neilsen. K., Harnes, H.B. & Hackel D.B. (1964) Diabetes mellitus in the sand 

rat induced by the standard labotatory diets. Science 143689-90. 

Scott, D.A. & Fisher, A M .  (1938) The insulin and the zinc content of normal and 

diabetic pancreas. J. Clin. Invest. 1 7:725-28. 

Shafnr, E. (1 992) Animal models of non-insulin-dependent diabetes. Diabetesmetab. 

Rev. 8(3): 179-208. 



Sjogren, A., Floren, C., Nilsson, A. (1988) Magnesiurn, potassium and zinc deficiency in 

subjects with type II diabetes mellitus. Acra Med. Scand. 224:461-63. 

Smith, P.K., Krohn, R.I., Hermanson, G.T., MalIia, A.K., Gartner, F.H., Provenzano, 

M.D.. Fujimoto. E.K., Goeke. N.M., Olsen, B.J., & Klenk, D.C. (1985) 

Measurement of protein using bicinchoninic acid. Anal.Biochem. 1 50: 76-85. 

Southon, S., Kechrid, Z., Wright. A.J.A., & Fairweather-Tait, S.J. ( 1988) Effect of 

reduced dietary zinc intake on carbohydrate and zinc metabolism in the genetically 

diabetic mouse (C57BLKsJ db+/db+). Br. J. Nutr. 60:499-507. 

Storlein, L.H., Baur, LA., Kriketos, A.D., Pan, D.A., Cooney, G.J., Jenkins, A.B., 

Calvert. G.D.. & Campbell. L.V. (1 996) Dietary fats and insuiin action. 

Diabetologia 39:62 1-3 1. 

Storlien, L.H., James D.E., Burleigh K.M., Chisholm, D.J., & Kraegen E. W. (1 986) Fat 

feeding causes widespread in vivo insulin resistance, decreased energy 

expenditure, and obesity in rats. Am. J. Physiol. 25 1 :E576-83. 

Suzirez, A., Pulido, N., Casla, A., Casanova, B., Amieta, F.J., & Rovira, A. (1995) 

Irnpaired tyrosine-kinase activity of muscle insulin recepton tiom 

hypomagnesaemic rats. Diabetologia 38: 1262-70. 

Sunderman, F.W. & Barber, A.M. (1988) Finger-loops, oncogenes, and metals. AM. 

Clin. Lab. Sci. 18(4):267-88. 

Sunvit, R.S., Kuhn, CM.,  Cochrane, C., McCubbin, J.A., & Feinglos, M.N. (1988) 

Diet-induced type II diabetes in C57BL/6J mice. Diabetes 3 7: 1 163-67. 



89 

Taylor, S.I., Ac& D., & Inmi, Y., (1994) Insulin resistance or insulin deficiency: Which 

is the primary cause of NIDDU Diabetes 43 :73 5-40. 

Trinder, P. (1969) Detemination of giucose in blood using glucose oxidase with an 

alternative oxygen acceptor. Am. Clin Biochem. 6:24-27. 

Vallee, B.L. Br Faichuk, K.H. (1993) The biochemical bais of MC physiology. Physiol. 

Rev. 73 (l):79- 1 18. 

Vkario, P., Brady, E.J., Slater, E.E., & Saperstein, R (1987) Insuiin receptor tyrosine 

kinase aaivity is unaltered in ob/ob and db/db mouse skeletai muscle membranes. 

Life Sci. 41:1233-42. 

Walter, R.M., Unu-Hare, J.Y., Lewis-Olin, K., Oster, M.H., Anawdt, B.D., Cntchfield, 

J. W., & Keen, C.L. (1 99 1) Copper, zinc, mangrnese, and magnesium status and 

complications of diabetes meuitus. Diabetes Care 14: 1050-56. 

White, C.L. (1988) The effect of zinc deficiency on the body composition of rats. Biol. 

Tr. El. Res. 17: 175- 187. 

Winterberg, B., Bocchicchio, M., Hossdorf, T., Lahi, H., Lison, A.E., & Zurnkley, H. 

(1989) Zinc in the treatment of diabetic patients. Tr. El. Med. 6(4): 173-77. 

Yang, J. & Chenan, M.G. (1994) Protective effects of metdothionein on 

streptozotocin-induced diabetes in rats. Life Sci. 5 5(1):43-5 1. 

Zhang, Y., Proenca, R., MafEei, M., Barone, M., Leopold, L., & Friedman, J. (1994) 

Positional cloning of the mouse obese gene and its human homologue. Nature 

3 72:425-32. 

Zucker, T. & Zucker, CM (1962) Hereditary obesity in the rat is associated with high 

serum fat and cholesterol. Proc. Soc. Exp. Biol. Med. 1 10: 165-7 1. 



VIII. Appendix A 

Effects ofdirtary zinc on body weights (0-6 weeks). and femur and pancreatic zinc. 
serum glucose and urine zinc (at 6 weeks of dietary treatment).' 

Treatment Groups ' 
dbZD 

Body Weight 
week O 

(9) 
Body Weight 

week 2 
(9) 

Body Weight 
week 4 

(@ 
Body Weight 

week 6 
(9) 

Femur Zn 
( W 3  d v  ~ t . 1  

20.9 " 
Hl.8 

21.9" 
*1*5 

26.4 " 
*2.2 

29.0 A 

*l-9 

224.0 " 
A1 1.6 

87.8 
*8.6 

64.2 A 

13.5 

498.1 A 

168.5 

0.76 " 
I O .  10 

' Values are means i standard error of the mean. Different supencript letten indicate significant 
differences between means as determined by Duncan's multiple range test. n = 7 except for 
dbZS, InZD, and lnZS where n = 8. n = 6, n = 6, respectively. 

' dbZD = db/db zinc deficient, dbC = db/db control, dbZS = db/db zinc supplement, lnZD = dblm 
zinc deficient, InC = db/m control, lnZS = dblm zinc supplement 
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Effects of dietary zinc on urine indices of diabetes at week 4 of dierary treatment ' 

Treatment Groups 

dbZD dbC dbZS InZD InC lnZS 

Urine Zn 
(pg/ 12 hours) 

Urine glucose 
( m g 1  2 hours) 

Urine protein 
(mg/ 12 hours) 

Urine 
Creatinine 

(mg/ 12 hours) 

Values are means * standard error of the mean. Different superscript letters indicate 
significant differences between means as detennined by Duncan's multiple range test. 
Due to sample shortage and vmiability, n values are Listed separately in the table. 

' dbZD = db/db zinc deficient, dbC = db/db control, dbZS = db/db zinc supplement, lnZD 
= db/m zinc deficient, InC = db/m control, LnZS = db/rn zinc supplement 



Main effects of grnotype, dirt and genotvpe x diet interaction on body and ht pad 
weights. trace rninenl statu (Zn. Ca, P), semm glucose and insulin after 6 wecks of 
dietary treatment. 

Main Effects ' 
- - 

Genotype Diet Genotype X Diet 

Body Weight (g) 0.0001 * 0.0332 * 

Fat Pad Weight (g) 0.0001 * 0.171 

Femur Zinc (pg/g 0.604 
dry weight) 

Pancreatic Zinc 
W g  dry weight) 

Kidney Zinc (pg/g 
dry weight) 

Semm Glucose 
( m g w  0.001 * 0.117 

S e m  Insulin 
(ndml) 0.0001 * 0.0027 * 

' Values are Pr > F as assessed by ANOVA. * = significant main effect at a s 0.05. 



Main effects ot'genotype, diet, and genotype x diet interaction on unne and tissue indices 
of diabetes afler 6 weeks of dietary treatment. 

Main Effects ' 

Genotype Diet Genotype X Diet 

Urine Zinc (pg/ 12 0.0003 * 0.956 

Urine Glucose 0.0007 * 0.151 
(mg/12 hrs) 

Urine Protein 
(mg/ 1 2 hrs) 

Urine Creatinine 0.0174 * 0.302 
(mg1 2 hrs) 

L iver Lipid (mg/g 0.0007 * 0.682 
Liver) 

Liver Weight (g) 0.0001 * 0.0287 * 

Insulin Receptor 0.305 0.608 
Concentration 
(cpmimg protein) 

Tyrosine Kinase O. 145 
P hosphory lation 
(basal)(pmol/min/ 
mg phosphate) 
Tyrosine Kinase 
Phosphorylation 0.0491 * 
(+insuiin)@moVmi 
n/mg phosphate) 

' Values are Pr > F as assessed by ANOVA. * = significant main effect at a i 0.05. 
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