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Abstract
Non-insulin dependent diabetes mellitus (NIDDM) is perhaps the most common
metabolic disorder in humans. In its essence, NIDDM is a disorder of glucose
homeostasis which results from a relative deficiency of circulating insulin.
Approximately 15% of all Americans over the age of 60 and 100 million individuals
worldwide are affected by this disease whose micro- and macrovascular complications
include blindness, nephropathy, neuropathy, and atherosclerosis. There is a close
association between obesity and NIDDM, due in part to the increased insulin resistance
imposed by increased body fat. The large genetic contribution to susceptibility to
NIDDM is evidenced by the nearly 100% concordance rate for NIDDM in identical
twins. The disease endpoint resolves (in a phenotypic sense) complex interactions of
genes and environmental factors affecting glucose transport, production and pancreatic
beta cell function. Due to these complexities, only a small number of the genes, usually in
rare sub-types of NIDDM, have been identified in humans. Because inbred rodent strains
are inherently more tractable genetically and can be employed in cases controlled for
relevant environment, they have been used as a model system for studying the underlying
genetic basis of NIDDM. Intercrosses of mouse (and rat strains) with divergent inherent
diabetes susceptibilities in matings simultaneously segregating for one of four mouse
obesity mutations (ob, db, fat, or tub) or the rat mutation fa were used. Obese F2
progeny, as expected, demonstrated widely varying degrees of obesity and diabetes. The
obese progeny were characterized at approximately 100-120 days of age for body weight,

body mass index, fasting plasma [glucose] and [insulin], HbAlc, pancreatic hormone






content and pancreatic islet morphology using sections immunohistochemically stained
for glucagon or insulin. These phenotypes intentionally emphasized the identification of
genes which ultimately affect pancreatic beta cell function because primary beta cell
defects have been associated with single gene mutations causing diabetes in humans. By
selectively genotyping the most extremely affected 5% of the progeny with markers
spaced approximately 20 cM apart throughout the genome, regions of the genome
demonstrating deviation from the expected Mendelian ratios were identified and
subsequently tested in all obese F2 progeny for association with obesity and diabetes
phenotypes. When possible, additional genetic markers were used to more precisely
position the quantitative trait loci (QLTs). QTLs identified in one set of F2 progeny
were tested for replicability either in F3 or N2F1 progeny of the same cross or in other
F2 progeny segregating for the same or different obesity mutations between the same of
other parental strains. Using this technique in seven sets of obese F2 progeny and two
set of obese F3 progeny, 23 separate QTLs on 18 mouse autosomes and two QTLs on
two rat autosomes relating either to obesity and/or diabetes have been identified and (for
the most part) replicated in multiple crosses. Candidate genes for the QTLs have been
identified and in some cases directly evaluated by screening for mutations or allelic
variants. Developmental studies have indicated the likely times of expression of four of
the QTLs as well as likely points in NIDDM pathogenesis at which the QTLs act.
Introgession techniques and strategies for cloning the genes underlying the QTLs and

testing their relevance in human populations are described. Finally, evidence for the






potential role of mitochondrial genes and the unanticipated differences of obesity

penetrance in ob/ob and db/db mice are presented.






Chapter 1

Introduction






Diabetes mellitus is a metabolic disorder associated with relative or absolute deficiencies
of insulin. Untreated, the disease is characterized by fasting hyperglycemica, glycosuria,
polyuria and polydipsia. With the development of the radioimmunoassay, it was
possible to distinguish two subtypes of diabetes based upon absolute circulating insulin
concentrations. Type I, or insulin dependent diabetes mellitus (IDDM), is characterized
by absolute insufficiency of insulin; patients are ketosis prone and dependent upon
exogenous insulin for survival. Classically, IDDM is of juvenile onset and associated
with autoimmune destruction specifically of pancreatic beta cells. Genetic predisposition
to IDDM is largely mediated by genes in the major histocompatibility (HLA) region.
Type II, or non-insulin dependent diabetes mellitus, NIDDM, is not associated with
ketosis; affected individuals are not absolutely dependent upon exogenous insulin
although many patients are treated with supplemental insulin, especially later in the
course of the disease. Classically, NIDDM onset is in adulthood (middle age or older)
and is associated with glucose intolerance. Because NIDDM is the end point of a
continuous process of metabolic change, definitions of affectation may vary. The World
Health Organization (WHO) defines NIDDM as present in any individual meeting one or
more of the following diagnostic criteria:

1). Fasting venous plasma glucose > 140 mg/dl

2). Plasma glucose concentration > 200 mg/dl at two hours of 75g dextrose oral

glucose tolerance test

3). Random venous plasma glucose > 200 mg/dl (Seltzer 1970).






NIDDM is estimated to affect 15% of Americans over 60 years of age. Worldwide,
nearly 100 million individuals are affected (World Health Organization 1994). NIDDM
produces the majority of its morbidity and mortality via complications attributable to
hyperglycemia: retinopathy, nephropathy, neuropathy, dyslipidemias, and coronary
artery disease. Treatment of NIDDM and its complications accounts for 10% of all

health care expenditures in the US (Huse et al. 1989).

There is clearly a large genetic component to NIDDM susceptibility, but the genetics are
complex. Obesity is associated with 60-70% of all instances of NIDDM, and may
predispose to diabetes by increasing peripheral insulin resistance (Campbell and Carlson
1993). However, the specific biologic mechanisms by which obesity conveys diabetes
risk and the genes which increase susceptibility to diabetes are not well understood. The
object of this dissertation is to identify the regions of the mouse and rat genomes
responsible for obesity-associated predisposition or resistance to NIDDM 1n the context
of obesity. Identification of the genes responsible for diabetes-susceptibility in rodents
can hopefully provide valuable information about the etiology of NIDDM in humans, and
could lead to more rational treatment and/or prevention of a major cause of morbidity and

mortality in the United States and elsewhere.






Pathophysiology of NIDDM

Approximately 60-70% of all NIDDM patients (as defined by WHO criteria) are also
obese (West and Kalbfleisch 1971). Obesity per se confers a baseline of relative insulin
resistance due to aiterations in both oxidative and nonoxidative glucose disposal
(DeFronzo 1988, Groop et al. 1991). In obese individuals, increased fat mass is
associated with increased release (by lipolysis) of free fatty acids and glycerol from
adipose tissue into plasma (Groop and Saloranta 1991). With increased free fatty acid
oxidation, glucose oxidation and storage (glucose disposal) in muscle may be reduced due
to inhibition of enzymes in the glycolytic cascade (“Randle effect”). In the liver,
increased glycerol released by triglyceride hydrolysis in fat provides a substrate for
gluconeogenesis, while increased ambient free fatty acid concentrations promote
gluconeogenesis and hepatic glucose production.  When ambient free fatty acid
concentrations are high, hepatic energy requirements are derived from these free fatty

acids, sparing the glucose produced by gluconeogenesis for release into the circulation.

The most striking evidence for a link between obesity and NIDDM is the amelioration of
diabetes with modest weight reduction. After weight loss, glucose homeostasis is
improved by coordinate effects on hepatic glucose production, post-prandial glucose
excursion, and insulin production (Henry et al. 1986). Conversely, if normal-weight
subjects are overfed to increase body weight by 15-20%, moderate degrees of insulin
resistance result (Sims 1973, Olefsky et al. 1974). However, obesity-associated insulin

resistance alone is not enough to cause diabetes; a substantial fraction of obese patients






never advance beyond the stage of impaired glucose tolerance (West and Kalbfleisch

1971).

The precise biological mechanisms by which humans develop overt NIDDM are difficult
to discern for two reasons: 1) The mechanism or sequence of biological events by which
different individuals develop overt NIDDM may not be the same and 2) unless the
disease can be studied longitudinally in susceptible individuals before they become
overtly diabetic, it is impossible to distinguish the primary and secondary cellular and
systemic events. Such studies are difficult since absolutely reliable predictors of NIDDM
are not yet available. Therefore, although there are experimental data to support the
pathogenic mechanism proposed below, the exact sequence and relative importance of a

particular step may vary among individuals.

Epidemiological studies designed to identify the number of diabetes susceptibility genes
indicate that there is a nonlinear relationship between the risk of developing NIDDM and
genetic relatedness, suggesting that NIDDM is a multigenic disorder with a threshold
effect (Rich 1990). Thus, the disease becomes manifest when a sufficient number of
diabetes-susceptibility genes interacting with the ‘“environment” (including obesity)

exceed a threshold which results in the appearance of clinical NIDDM.

In the model proposed (Figure 1), three tissues are predominantly responsible for disease

progression through insulin resistance and impaired glucose tolerance to overt NIDDM.






Skeletal muscle is involved in peripheral glucose utilization, liver in both glucose

utilization and glucose production, and the pancreas in producing the hormones insulin

and glucagon which regulate glucose homeostasis.



Figure 1. Pathogenesis of NIDDM.
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Glucose uptake is regulated in skeletal muscle, cardiac muscle, adipose tissue and the liver
(as compared to the brain and erythrocytes) by the insulin responsive glucose transporter
4 (GLUT4) in these tissues. Insulin increases glucose disposal via translocation of the
transporters to the plasma membrane from intracellular vesicles (Marette et al. 1992).
Once glucose is transported into the cells, it can either be oxidized or stored in the form of
glycogen, or, in adipocytes or liver, converted to fatty acids. Reductions in glucose
oxidation have only been noted in the latest stages of NIDDM (Golay et al. 1988), but
defects in glycogen synthase have been reported in human studies of NIDDM up to two
decades before the development of frank diabetes (Young et al. 1988, Bogardus et al.
1984, Beck-Nielsen et al. 1992). Decreased peripheral glucose utilization, a manifestation
of insulin resistance, is one of the earliest detectable events in diabetes disease progression
(Warram et al. 1990). Many patients demonstrate decreased glucose clearance in a
glucose tolerance test and in the postprandial state before they develop NIDDM

(DeFronzo 1988).

Insulin secretion is stimulated by glucokinase-mediated glucose sensing in the beta cell.
Glucokinase catalyzes the first step in glycolysis (glucose phosphorylation) allowing
extracellular glucose to continue entering the cell by facilitated transport. Defects in
glucokinase activity have been associated with maturity onset diabetes of the young
(MODY), an autosomal dominant form of NIDDM (Froguel et al. 1992). The mild
glucose intolerance noted early in the development of NIDDM, is accompanied by

abnormally low first phase-insulin secretion while second phase release and total release

12






in response to a glucose load are normal (Seltzer et al. 1967). As described later, it is
possible that these abnormalities in insulin secretion are primary events in the

pathogenesis of NIDDM.

There is considerable debate about the primary event in the pathogenesis of NIDDM;
that is, whether the defect lies in insulin secretion or in insulin resistance. Longitudinal
studies indicate that insulin resistance is present long before overt manifestations of
NIDDM (Eriksson et al. 1989); however, these studies are not able to precisly time the
onset of insulin resistance relative to a beta cell defect. It is possible that pulsatile insulin
secretion primes the peripheral tissues for sensitivity to insulin when a large bolus of
insulin is released. Oscillations in insulin secretion are disrupted not only in NIDDM
patients but also in patients with impaired glucose tolerance (O'Meara et al. 1993). This
abnormality in insulin secretion could itself be responsible for the resulting insulin
insensitivity (Granner and O'Brien 1992). In addition, prolonged excessive second phase
insulin secretion might desensitize peripheral tissue to the effects of insulin, providing an
additional or alternative mechanism by which a beta cell defect might influence insulin
resistance. Alternatively, if proinsulin were incompletely converted to insulin, what
might appear to be peripheral insulin resistance could actually be an artifact of a defect
within the beta cell if sensitive radioimmunoassays distinguishing the two molecuar

species were not used (Olefsky 1982).
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Hepatic dysregulation is apparently one of the latest events in the pathogenesis of
NIDDM based on: 1) Longitudinal studies in the Pima Indians in whom both insulin
resistance and pancreatic beta cell defects precede increased hepatic glucose production;
and 2) The linear correlation between hepatic glucose production and fasting blood
glucose only when the latter is > 140 mg/dl (DeFronzo 1988). Although hepatic glucose
production is the sum of glycogenolysis and gluconeogenesis, glycogenolysis is thought to
be normally regulated in NIDDM (Consoli et al. 1989). Although a large part of heptic
gluconeogenic activity is hormonally regulated by reciprocal actions of insulin and
glucagon, 10-30% 1is reflective only of substrate delivery to the liver and would mirror
dysregulation (e.g. increased glycerol delivery from increased adipose tissue lipolysis) in
other tissues (Consoli 1992). Normally, the combination of high insulin, low
glucagon/catecholamine/glucocorticoid and growth hormone levels inhibits hepatic
gluconeogenesis by reducing the activity of the rate limiting step, phosphoenolpyruvate
carboxykinase (PEPCK). The combination of increased circulating concentrations of
glycerol and fatty acids, and insufficient insulin action on the liver, results in dysregulated
gluconeogenesis. Hepatic glucose production probably only becomes unrestrained once
plasma insulin concentrations begin to decline because hepatic gluconeogenesis remains
relatively responsive to insulin in early NIDDM (Granner and O'Brien 1992). Poorly
regulated gluconeogenesis, the last major step in the progression to NIDDM, results in

fasting hyperglycemia.
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Once hyperglycemia exists, NIDDM may be exacerbated in all three major tissues by
glucose-mediated down regulation of its own transport through glucose toxicity (Unger

and Grundy 1985).

Although controversy persists about the exact primary causes and the secondary effects,

a number of different combinations of defects in the above triad are probably sufficient to

surpass the threshold for the development of overt NIDDM.

Complex Genetic Basis for NIDDM in Humans-A Geneticist’s Nightmare

There is a strong genetic component to NIDDM as indicated by 1) different prevalences
of disease in various ethnic groups (Zimmet et al. 1982) and in populations with varying
admixture of ethnicity-based susceptibilties (Chakraborty et al. 1986); 2) familial
clustering of disease, and 3) by the nearly 100% concordance in monozygotic twins
followed long enough to assure full ascertainment of disease (Barnett et al. 1981, Newman
etal. 1987). Although there is clearly a genetic component to NIDDM, the nature of the
genes involved has, for the most part, evaded geneticists. NIDDM has been termed a
“geneticist’s nightmare” both because of the complexity of the disease phenotype and the
complex genetics that surely underlie the phenotype. Because NIDDM generally has its
onset relatively late in life, once probands are identified, it may be too late to study the
parents of the proband who are often deceased, especially if they too were affected. In

addition, it is often too early to study the progeny or even the siblings of the proband
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who might manifest disease only at some future point. NIDDM is likely not to be a
single disease with a single etiology but rather a common, convergent endpoint to many
otherwise subclinical metabolic derangements. Both peripheral insulin resistance (either
in uptake of glucose by muscle or in suppression of hepatic glucose production) and
failure of the insulin producing beta cells in the pancreatic islets are involved in the
pathophysiology of the disease, but the relative weight or chronological order of the two
is likely to differ between individuals within populations as suggested by earlier salience
of the beta cell defect in Caucasians and the insulin resistance in African-Americans and
Mexican Americans (Joffe et al. 1992, Haffner et al. 1986). In addition, although genes
clearly play a role in the etiology of the disease, environmental factors such as increased
caloric intake or reduced physical activity are additional factors which contribute

independently of genetics to diabetes-susceptibility.

There 1s strong familiality to NIDDM. Major gene effects have been demonstrated for
circulating insulin concentrations (Lillioja et al. 1987) and tissue insulin action within
sibships (Schumacher et al. 1992). The concordance rates of NIDDM for monozygous
twins approaches 100% (Barnett and Eff 1981, Newman and Selby 1987). In contrast,
concordance between monozygous twins for insulin dependent diabetes mellitus is only
25-50% (Schumacher and Hasstedt 1992). In segregation analyses, a major recessive
locus accounts for approximately 33% of NIDDM-susceptibility, leaving an

undetermined number of polygenes to account for the remaining susceptibility (Prochazka

etal. 1992).
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With few exceptions, the inheritance of NIDDM is complex and non-Mendelian (Cox et
al. 1992). Although NIDDM is often considered to be one disease, NIDDM more likely
represents a phenotype with several etiologies (phenocopies), reflecting the interactions
of genes, age, body weight and environment (DeFronzo et al. 1992). Even the most
clearly defined variant of the disease, maturity onset diabetes of the young (MODY)
which is inherited as an autosomal dominant, has gradations of phenotype within that
group of individuals whose diabetes is related to glucokinase mutations (Froguel and
Vionnet 1995, Froguel and Velho 1994). MODY phenocopies also occur in individuals
without glucokinase mutations (Froguel and Vaxillaire 1992, Vionnet et al. 1992,
Hattersley et al. 1992). For example MODY!1 in the RW Michigan family is
incompletely penetrant and segregates with other non-MODY forms of NIDDM in this
family (Cox and Xiang 1992). With such genetic complexity in a clearly defined subset of
NIDDM, the more common forms, which are phenotypically heterogeneous, are likely to

be even more genetically complex.

Molecular Mapping of NIDDM in Humans

The genetic heterogeneity of NIDDM, the frequent occurrence of more than one form of
the disease in a single family, and the late onset of the disease make it impractical
(although not impossible) to use approaches such as a whole genome scans for linked
markers in humans, with the exception of phenotypically distinct forms of NIDDM such

as MODY (Weissenbach et al. 1992). Instead, the more practical "candidate gene"
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approach has been employed based on the current understanding of glucose and insulin

metabolism and homeostasis (Figure 2).

MODY

The most successful application of the candidate gene approach to NIDDM has been the
identification of 16 French families in whom missense, stop, or splice site mutations of
the glucokinase gene (7p15-p13) result in maturity onset diabetes of the young (MODY
II) (Froguel, 1993;Vionnet, 1992). Glucokinase is a hexokinase which is expressed
exclusively in the liver and beta cells, and its activity regulates glucose uptake and
therefore metabolism in these tissues. Because of this unique role in the beta cell, it acts
as the “glucosensor’ of ambient glucose concentrations (Matschinsky 1990). MODY
patients who are heterozygous for glucokinase mutations have reduced insulin secretory
responses to continuous infusions of glucose in a hyperglycemic clamp. Additionally,
during hyperinsulinemic euglycemic clamps, endogenous insulin secretion is suppressed
in affecteds but not controls (Polonsky 1995). Glucokinase mutations probably result in
the synthesis of sub-normal amounts of enzyme which in turn results in chronic
hyperglycemia due to the increased threshold required for the beta cell to initiate insulin
secretion. This was the first demonstration of a primary beta cell defect causing
NIDDM. Similar studies have now associated glucokinase mutations with non-MODY
NIDDM in Mauritian Creoles (Chiu et al. 1992), and African American populations

(Chiu et al. 1992) but not in French, Finnish, British, Swedish, Japanese, or Hispanic
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Figure 2. Candidate genes which have been associated with the pathogenesis of NIDDM.
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(Cook et al. 1992) populations segregating non-MODY forms of NIDDM. = Screening
women with gestational diabetes who also had first degree relatives with NIDDM
identified 2/40 women with glucokinase mutations which by extrapolation would suggest
that 1 in 2,500 American NIDDM patients have glucokinase mutations (Stoffel et al.

1993).

Bell et al. have demonstrated linkage of adenosine deaminase (20q13) to the MODY 1
phenotype in a Michigan family. This phenotype includes abnormal delayed insulin
secretory oscillations and decreased amplitude of insulin pulses in response to glucose,
favoring a primary beta cell defect (Bell et al. 1991). However, the penetrance of the
putative mutation in this region is still not 100%. Sib-pair analysis of markers tightly
linked to ADA on 20q failed to demonstrate linkage in a group of Italian and British

patients with late onset NIDDM (Baroni et al. 1992).

MODY II (glucokinase mutations) only accounted for 56% of the French families with
early onset NIDDM. Genome scanning of the remaining 12 families, indicated linkage of
markers on 12q22-qter in six of the families (Vaxillaire et al. 1995). Linkage analysis of
three additional MODY families from Denmark, Germany and the US has further refined
the location of this third MODY locus (MODY III) to 12q24.1-g24.32 between D12S86
and D12S807 (Menzel et al. 1995). The phenotype associated with MODY III is

hyperglycemia with a severe insulin secretory defect, again suggestive of a primary beta
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cell defect. The MODY 1II locus does not appear to play a major role in late onset

NIDDM in 172 French families (Lesage et al. 1995).

Candidate Genes for NIDDM

Several candidate genes for obesity and NIDDM have been tested either by linkage
analysis or by direct mutation screening of candidate genes (Figure 2). Many of the
candidate genes have been implicated in select populations or individuals although an

equal number have been rejected as genetic mechanisms for obesity or NIDDM.

Mutations in the coding sequence for insulin (11p15.5) can result in high concentrations
of pro-insulin and may be, but are not necessarily, associated with hyperglycemia
(Gabbay et al. 1976, Shoelson et al. 1983, Haneda et al. 1983, Gruppuso et al. 1984).
However, mutations within the coding sequence of insulin are rare and cannot account for
a significant proportion of NIDDM. 5’ of the insulin gene, polymorphisms potentially
affecting the regulatory sequence have been associated with NIDDM (Rotwein et al.
1981). A variant promoter present in African Americans and Mauritius Creoles, but
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