Universiteit

w4 Leiden
The Netherlands

Dopamine D2 receptors in the pathophysiology of insulin resistance
Leeuw van Weenen, ]J.E. de

Citation
Leeuw van Weenen, J. E. de. (2011, October 5). Dopamine D2 receptors in the
pathophysiology of insulin resistance. Retrieved from https://hdl.handle.net/1887/17899

Version: Corrected Publisher’s Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/17899

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/17899

release secretion
disease

henotype
expressed P!

8
Q
=
(]

mechanism

nutrient oo crug

ISO membrane animal
metabolismdiet -—bromocrlpbtlnEfatl
drugs antipsychotic 'lﬂ-.;

individuals
rodents
systemE=02

diminished 4-”’-‘

=W""El resistance I' obesity $a==

icopatient
obesseevwi.';tlnsu i dogamier

]
dopaminergicz S ¥
development type =
involved

studies

antipsychotics sensitivity

models

3

role

expression - developing 'Q

prevalence

DIO




; | Chapter 1

Diabetes

Characteristics
The prevalence of Diabetes Mellitus Type 2, also known as non-insulin-
dependent diabetes or adult-onset diabetes, is rising alarmingly. In 1985
approximately 30 million people worldwide suffered from diabetes. In 2007
this number had escalated to 246 million and by 2030 it is expected that ~ 438
million people (7.8% of the adult population) will be affected by diabetes’. At
present, especially the developed world is coping with the diabetes epidemic,
the prevalence in the US being 12.3% and in the Netherlands 7.7%, yet the
developing countries are rapidly catching up’. It is estimated that, in the
developing countries, the prevalence of diabetes will more than double in the
years 2000-2030, compared to an increase of merely 50% in the western world?.
Diabetes is a major cause of mortality. According to the WHO, diabetes has
reached the top 10 of death causes in middle and high income countries?. It is
predicted that in 2010 almost 4 million deaths will be attributed to diabetes,
which represents 6.8% of global all-cause mortality*. The mortality risk for
individuals with diabetes is 2.3 times higher than the risk for people with
normal glucose homeostasis®. Cardiovascular disease, which is a frequently
encountered complication of diabetes, is the main reason for the elevated
mortality risk. Compared to the general population, diabetic people younger
than 45 years are 10 times more likely to display cardiovascular disease,
ranging from relatively mild (hypertension and atherosclerosis) to severe
(stroke and myocardial infarction)®. Approximately 16% of diabetic patients
suffer from severe cardiovascular incidents leading to hospital admission; this
risk is ~ 2.3 fold higher than for non-diabetic subjects”®. In addition, the risk of
mortality due to cardiovascular disease is 2.6 times higher in diabetic patients®.
Long term diabetes and poor glycemic control also lead to several other
seriously disabling disorders. Diabetic nephropathy e.g. is one of the major
causes of end-stage renal failure in the Western world®. Approximately 1.2%
of diabetic patients develop renal failure, which represents a ~ 4 times higher
risk than observed for people without diabetes’®. Also, diabetes is the leading
cause of new cases of blindness among adults aged 20-74 years®. The risk of
developing any ophthalmologic complication, including cataract, glaucoma
and diabetic retinopathy, is ~ 3 times elevated in diabetic versus nondiabetic
individuals®. And, ~ 50% of diabetic patients develop neuropathy, which might
manifest as sensory loss, muscle weakness, pain and/or erectile dysfunction!®*!.

Aetiology

Type 2 diabetes originates from a complex interplay between genetic
and environmental factors. The contribution of a genetic component in
the development of diabetes is undeniable, given the observation of an
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extremely high diabetes prevalence among certain population groups like
the Pima Indians'?!3. Likewise, the high concordance rate of diabetes among
both monozygotic and dizygotic twins suggests a genetic component to the
disease!*!, And first-degree relatives from diabetic patients display several
defects in energy and nutrient metabolism!4'’.

Some forms of type 2 diabetes, such as the different types of MODY (Maturity-
Onset Diabetes of the Young), are of monogenic origin, meaning that one gene
is responsible for the disease’®. These forms of diabetes are characterized by a
single gene mutation, an autosomal dominant inheritance pattern and an early
onset of the disease. These cases however, represent only about 1-5% of all
type 2 diabetes cases'®. The majority of type 2 diabetes is of polygenic origin,
meaning that several susceptibility genes additively increase the risk of disease
onset. The contribution of single susceptibility genes to the diabetes risk is
generally small; with odds ratios between 1.10 and 1.30. However, if several
susceptibility loci are present, the risk of developing diabetes may increase
substantially, as was shown for a Japanese population in which the risk of
developing diabetes increased ~ 3.7 fold in the presence of a combination of
7 specific susceptibility loci'®. Association studies in large population cohorts
revealed several susceptibility genes, including PPARy, TCF7L2, KCNJ11,
CDKAL1, CDKN2A/CDKN2B, IGF2BP2, SLC30A8 and HHEX"%2,

The contribution of the genetic predisposition is believed to remain stable
throughout time; therefore it can not explain the recent rapid increase in
diabetes incidence. Rather, this has been triggered by advances in health care
and lifestyle changes. The prevalence of obesity, which is a major risk factor for
diabetes development, has increased considerably the last decennia. In the US,
the prevalence of adult obesity rose from 13.4% in 1960 to 30.9% in 2000%* and
the number of overweight children aged 6-11 and 12-19 increased from 4%
and 6% in 1971 to 15.3% and 15.5% respectively in 20002?3. The rise in diabetes
incidence may greatly be accounted for by the recent rise in number of obese
subjects. An objective measure to describe obesity is the body mass index (BMI),
which is calculated as weight (in kilogram) divided by the square of the height
(in meters); a BMI of < 18.5 represents underweight, 18.5-25 normal weight,
25-30 overweight, 30-35 obesity and > 35 morbid obesity. The lifetime risk for
developing diabetes rises dramatically with increasing BMI. For an 18-year old
person with normal weight, the risk of developing diabetes was calculated to
be ~ 18.5%, if this person was morbidly obese though, the risk would increase
to ~ 72%?*. The predisposition of obesity to turn into diabetes is also reflected
by the observation that in the US ~ 55% of type 2 diabetic patients is obese?.

The change from an active to a sedentary lifestyle, promoted by the
industrialization, the availability of easy transportation and the introduction of
computers, television and video games, also independently adds to the elevated
diabetes prevalence. A prospective cohort study in the US showed that with
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every additional 2 hours of TV watching daily, the risk of diabetes increases
with 14% and for every 2 hours/day increase in sitting at work, the risk for
diabetes rises with 7%%?. On the opposite, the impact of physical activity on
reducing the risk of diabetes development has also firmly been established?”3!.
It is calculated that each 500 kcal increment in energy expenditure per week
leads a 6% decrease in diabetes risk?’. Even in people with impaired glucose
tolerance, representing a pre-diabetes stage, physical activity is beneficial and
reduces the risk of overt diabetes with 46%32 Clinical trials in patients with
overt diabetes also indicate that physical activity, without weight loss, is able to
improve the diabetic phenotype333,

Also, the altered dietary pattern participates in the increased incidence of
diabetes. With the introduction of highly palatable, energy-dense, food, total
caloric intake increased and the dietary preferences shifted away from the
traditionally “healthy” diet, including vegetables, fruits, low-fat dairy products
and whole grain products, towards the “western type” diet, comprised of red
and/or processed meat, high fat diary products, refined grain products, fried
products and sweet beverages. Analyses of the health risk/benefit of both types
of diets indicated that consumption of the “western type” diet is associated
with a 28-60% higher risk of developing diabetes, while the “healthy” diet is
associated with a modestly protective effect of 11-27%3¢-%.

Finally, improved health care, which dramatically increased life expectancy
the past decades, accounts for part of the elevated diabetes incidence. Aging is
associated with an increased prevalence of diabetes; in the US, in the period of
2005-2006, the prevalence of previously diagnosed diabetes was 2.1% in the
age group 20-39, 7.9% in the age group 40-59 and 17.6% in the age group 60-
74%, Therefore increased longevity will greatly enlarge the number of diabetes
patients. It is still a matter of debate whether the increased diabetes risk for
elderly people is the result of aging per se or the result of age-related alterations
in lifestyle and body composition. Unhealthy diets, decreased physical activity,
increased adiposity and an altered fat distribution are all phenomena associated
with aging and independent risk-factors for the development of diabetes.
Accordingly, several studies showed an age-related deterioration of insulin
action, yet in some, the reported differences between young and old individuals
were diminished, or even completely lost, when corrected for age-related risk
factors**.

Glucose homeostasis

Physiology

Plasma glucose levels are maintained within a narrow range of 4-7 mmol/I.
If glucose levels fall below the threshold of 3 mmol/l, energy supply to the
brain becomes inadequate. The brain is unable to use substrates other than
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glucose for energy and is only equipped with glycogen stores sufficient for a
few minutes. Therefore, hypoglycemia rapidly leads to functional brain failure,
seizures and coma. If the hypoglycemia is severe and prolonged it might even
lead to brain death®. Conversely, elevated glucose levels can damage organs
leading to macrovascular disease, nephropathy, retinopathy and neuropathy*’.

Insulin and glucagon are the key hormones regulating glucose homeostasis.
Insulin is secreted by pancreatic -cells in response to a physiological rise in
glucose levels, e.g. after a meal. The net effect of insulin is to reduce the elevated
glucose levels by promoting glucose uptake and simultaneously inhibiting
glucose production. The liver is the main site responsible for the production of
glucose. It can either convert stored glycogen into glucose or synthesize glucose
de novo from non-carbohydrate substrates including lactate and amino acids.
In insulin sensitive tissues like muscle, adipose tissue and also liver, glucose can
be taken up and subsequently converted into glycerol for storage or oxidized to
supply energy.

Glucagon is secreted by pancreatic a-cells in response to a reduction in
blood glucose concentrations, e.g. during fasting. Opposing the action of insulin,
glucagon increases glucose levels. It promotes the production of glucose by the
liver, leading to an induction in both the conversion from glycogen to glucose
and de novo glucose synthesis. Concomitantly glucagon inhibits the synthesis
of glycogen and the oxidation of glucose in the liver®. During conditions of
hyperglycemia glucagon production is suppressed by the combined action of
the elevated glucose levels and the concomitantly raised insulin levels*. Other
physiological regulators of glucose homeostasis include glucose, which can
regulate its own disposal and release, catecholamines, cortisol and growth
hormone.

Pathophysiology

Hyperglycemia is an important hallmark of diabetes and is the direct corollary
of dysregulation of insulin and glucagon action. Impaired insulin action involves
both insulin resistance, a reduced ability of tissues to respond to insulin, and
defects in insulin secretion. In the early development of insulin resistance
the diminished efficacy of the hormone is overcome by elevated insulin
production by pancreatic B-cells; hyperinsulinemia therefore is a marker
for diabetes development. Eventually, (3-cells are no longer able to produce
sufficient amounts of insulin to compensate for the resistance. Consequently,
the biological function of insulin is undermined and hyperglycemia becomes
manifest.

Insulin resistance can be demonstrated as a reduction in whole body glucose
uptake and diminished suppression of glucose production during conditions of
hyperinsulinemia. Several organ-specific mechanisms are thought to underlie
the impaired insulin sensitivity.

13
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Together, muscle, adipose tissue and liver are responsible for glucose
disposal in response to insulin. As muscle tissue is the major contributor,
insulin resistance of this tissue will greatly impair the ability of the body to
remove glucose from the circulation. In response to insulin, GLUT4, the insulin-
responsive transporter mediating the diffusion of glucose across the cell
membrane, is translocated to the cell membrane. Once glucose has entered the
cell, it is rapidly phosphorylated in order to maintain a concentration gradient
for glucose across the cell membrane. In muscle cells from diabetic patients
both the insulin induced transport of glucose across the cell membrane and
the subsequent phosphorylation of intracellular glucose are diminished>’2.
Several alterations in the intracellular signaling pathways downstream of the
insulin receptor have already been described®-*. Together these mightlead to a
diminished recruitment of GLUT4 from intracellular storage vesicles to the cell
membrane giving rise to the reduced glucose uptake®'.

Also in adipose tissue from diabetic individuals several defects have been
noted. Diminished binding of insulin to its receptor in combination with
a reduced receptor kinase activity greatly impairs the insulin action on
adipocytes®®*’. Concomitantly, both the basal expression of GLUT4 transporters
on the cell membrane and the insulin stimulated translocation of GLUT4 to
the surface is decreased in adipocytes from diabetic patients®”°¢ These latter
observations mightbe ascribed to an enhanced turnover of glucose transporters
and/or a diminished transporter gene expression®”-*,

Glucose uptake by the liver is mainly relevant after a meal, when both
plasma glucose and insulin concentrations are elevated®. In diabetic patients,
the capacity of the liver to extract glucose from the circulation under these
postprandial conditions is compromised®®¢! as well as its ability to synthesize
glycerol®. In contrast to muscle, where glucose transport across the plasma
membrane is the rate-limiting step for glucose uptake, in liver, phosphorylation
of glucose, by the enzyme glucokinase, is rate-limiting. Therefore, decreased
activity of this enzyme, found in diabetic subjects®*%*, might be responsible for
the reduced glucose uptake.

Concomitantly, the role of the liver as main producer of glucose is
affected. Total, as well as directly measured hepatic, glucose production is
higher in diabetic patients, both during basal, fasting, conditions®*®>%’” and
hyperinsulinemic, fed, conditions®”¢®. The direct corollary is fasting and
postprandial hyperglycemia. The contribution of increased gluconeogenesis to
the elevated glucose production in diabetic subjects has firmly been established,
but the contribution of glycogenolysis is still a matter of debate®>®%¢, An
increased ratio of the activity of the enzyme glucose-6-phosphatase to
glucokinase, measured in diabetic patients, might contribute to the elevated
glucose production®.
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Another contributory factor to the pathophysiology of hyperglycemia is
an elevation in glucagon levels. In type 2 diabetic patients the postprandial
suppression of glucagon production is impaired®’° leading to hyperglucagonemia
and, regarding the nutritional status, an inappropriate stimulation of glucose
production by the liver’’. Possibly, resistance of pancreatic a-cells to the
inhibitory action of insulin underlies this phenomenon.

Defective insulin secretion, which is, in addition to insulin resistance, an
obligatory step in the development of type 2 diabetes, is the result of both
a decrease in B-cell mass and [B-cell malfunction. The reduced (3-cell mass
observed in type 2 diabetic patients is presumably the net effect an accelerated
apoptosis rate in combination with normal 3-cell replication and neogenesis’73.
Physiological signs of insulin secretion defects include an absence of the first
phase insulin response’#’5, alterations in the pulsatility of insulin secretion’®”’
and an increased proinsulin to insulin ratio’®”°. Intracellular defects underlying
this B-cell malfunction include a reduction in the expression of glucose
transporters GLUT1 and 2, impaired intracellular glucose processing’® and
a loss of insulin gene expression®. Damage and death of -cells may be the
consequence of hyperglycemia per se, as stated by the glucotoxicity theory.
Accordingly, it was shown that prolonged hyperglycemia, either in combination
with high circulating FFA levels or alone, promotes apoptosis and alterations in
key components of cellular functioning through long-term increases in cellular
Ca** concentrations®® and oxidative stress®. Alternatively, or additionally,
hyperglycemia may induce defects indirectly by promoting hypersecretion of
insulin, leading to B-cell exhaustion®.

Diabetic rodent models

Currently, several different rodent models have been established for diabetes
research. Although most of these animal models fail to develop overt
hyperglycemia and diabetes related complications, they do develop a diabetes-
like phenotype characterized by obesity and insulin resistance. Some of these
rodents models are genetic models; the result of single gene alterations. Three
frequently used genetic models for diabetes research are the obese Zucker
rat, the ob/ob mouse and the db/db mouse, all of which are characterized
by mutations in genes involved in leptin signaling. The hormone leptin,
predominantly synthesized by adipose tissue, serves as a regulator of long-
term energy balance. Leptin is secreted in proportion to the amount of body fat
and is therefore able to convey information about peripheral energy reserves.
The long isoform of the leptin receptor is expressed in several regions of the
brain, including the hypothalamus, and transmits the ‘anti-obesity’ action of
leptin on food intake and energy expenditure®. In obese Zucker rats and db/
db mice, respectively, a mutation in, and a deletion of, the leptin receptor were
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found®*8>, whereas in ob/ob mice a mutation in the leptin gene was discovered®.
Resistance to the physiological action of leptin, as well as the absence of leptin,
leads to the development of a diabetogenic phenotype, including hyperphagia,
reduced energy expenditure, obesity and insulin resistance?®”-°.

Another genetic rodent model is the OLETF rat. These rats, presenting
several of the characteristic features of diabetes, are naturally occurring CCK-
1 receptor knockouts??2 Cholecystokinin (CCK) is a peptide released from
the gastrointestinal tract in response to food intake. CCK action is mediated
by 2 distinct receptors which are both expressed in the periphery as well as
in the brain. CCK regulates digestive function and promotes satiety. The CCK-1
receptor is responsible for the latter function®.

Although the animal models described above, displaying spontaneous
mutations in essential metabolic pathways, have provided us with important
information concerning energy and nutrient balance, they only represent a
small portion of the heterogeneous human diabetes population, since only a
small percentage of diabetes cases are the result of single gene mutations. Diet
induced obese (DIO) rodents better reflect the complex physiological alterations
underlying the disease in the majority of obese type 2 diabetic patients. Several
wild type (wt) rodents, such as the C57BL/6] mice, develop a diabetic phenotype
after being fed a high fat diet for several weeks®*>. This DIO animal model is often
used in diabetes research, yet, it is still a heterogeneous group; on average, DIO
rodents develop a diabetic phenotype, but, there are large differences in the
adaptation of individual animals to high fat feeding. It was shown that, after
being maintained on a high fat diet for 9 months, 45% of a group of C57Bl6
mice became obese and diabetic, 12% remained lean and non diabetic, 12% was
lean and diabetic and 30% showed an intermediate phenotype®. The insulin
resistance phenotype of lean diabetic mice resembled more the phenotype of
lean non-diabetic mice than of obese diabetic mice, so, simplified, the C57Bl6
mice could be divided into a diet induced obese (DI0), alean diet resistant (DR)
and an intermediate group. For experimental purposes wt rodents, while still
maintained on a chow diet, can be divided into DIO and DR groups according
to the amount of norepinephrine they excrete®”. Alternatively, wt rodents can
be classified according to their weight gain following several weeks of high fat
feeding; the rodents with the highest weight gain are designated DIO and those
with the least weight gain, DR%.

Considering the heterogeneous response of humans towards the diabetogenic
western type diets, we believe the DIO/DR rodent model accurately represents
the human situation and is therefore best suited for analyzing the complex
metabolic alterations associated with the development of obesity and diabetes.
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Dopaminergic system

Physiology

Dopamine is the predominant catecholamine neurotransmitter in the
mammalian central nervous system. It is synthesized in dopamine neurons
and stored in synaptic vesicles until release. Tyrosine hydroxylase (TH) is the
rate-limiting enzyme in the conversion of tyrosine into dopamine. Activation
of dopamine neurons promotes fusion of the synaptic vesicles with the
neuronal membrane, and dopamine is secreted. Upon release, dopamine binds
to its receptor,; located either on pre- or postsynaptic neurons, and initiates an
intracellular signaling cascade. Dopamine transporters (DAT) take up dopamine
from the extracellular fluid, thereby rapidly limiting the activity of secreted
dopamine. Back in the neuron, dopamine is either transported into synaptic
vesicles by a vesicular monoamine transporter (VMAT2) to be re-used or it is
metabolized by monoamine oxidase (MAO) or catechol-O-methyltransferase
(COMT)?22.100,

Dopamine neurons are present in distinct areas of the brain, giving rise
to three main dopaminergic pathways. The nigrostriatal pathway contains
dopamine neurons originating in the substantia nigra and projecting to the
dorsal striatum. Dopaminergic signaling in this pathway controls locomotor
activity. The mesocorticolimbic pathway consists of dopamine neurons
projecting from the ventral tegmental area to the ventral striatum, the limbic
system and the cortex and is involved in emotion, cognition, motivation and
reward. The dopamine neurons comprising the tuberoinfundibular pathway
originate in the hypothalamus and project to the pituitary where they control
hormone secretion and cell survival'?12,

In addition to their role in the tuberoinfundibular pathway, dopamine
neurons located in the hypothalamus control ingestive behavior. These neurons
receive signals concerning energy homeostasis and nutrient availability from
the periphery through afferent nerves, circulating hormones, nutrients and
small peptide mediators. They integrate the information and relay it to the
classical food intake-related neurons including NPY/ AGRP producing neurons
(stimulators of food intake) and POMC producing neurons (inhibitors of food
intake) to direct energy intake!.

Dopamine receptors

Dopamine action is mediated by 5 distinct receptors which are categorized
into 2 receptor families based on sequence homology and pharmacological
characteristics. The D1-like family consists of the dopamine receptors D1
(DRD1) and D5. Activation of these receptors leads to stimulation of adenylyl
cyclase and the subsequent production of cyclic AMP. Activation of the D2-like
family on the contrary, inhibits adenylyl cyclase activity and the concomitant
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production of cyclic AMP. The receptors DRD2, DRD3 and DRD4 represent the
D2-like family'®.. Apart from different functional characteristics, the dopamine
receptors also differ in spatial expression patterns. DRD1 and DRD2 are the
most widely expressed receptors; they are found in all brain areas receiving
dopaminergic innervation. The other dopamine receptors display more
restricted expression patterns'®1%2 Although dopamine D1 and D2 receptors
are present in the same brain areas, they are only occasionally expressed on the
same neurons*’’.

Dopamine receptors belonging to the DRD2 family exist both as pre- and
postsynaptic receptors. Presynaptic receptors, or autoreceptors, which are
believed to be mainly DRD2 and DRD3, are part of a dopaminergic feedback
mechanism regulating neuronal activity and neurotransmitter release.
Accordingly, stimulation of autoreceptors can alter firing rate of the neuron,
dopamine synthesis and secretion. Postsynaptic receptors, which can be
either DRD2, DRD3 or DRD4, modulate the action of second order neurons in
response to dopamine!®10%,

Peripheral dopaminergic system

Dopamine receptors are highly expressed in the central nervous system, yet
they are also present in several peripheral tissues, orchestrating a variety of
biological functions. In the cardiovascular system, dopamine receptors are
involved in the regulation of blood pressure. In the heart, up till now, D1, D2
and D4 dopamine receptors have been described. The role of the individual
receptors has not yet been defined, but overall, a low concentration of
dopamine is associated with an increased cardiac output due to improved
contractility of the heart!®1%, All dopamine receptors are expressed in the
systemic blood vessels where they control vascular resistance by regulating
vasodilatation!?7-10%,

In the kidney, dopamine, in general, increases renal blood flow and the
excretion of water and ions such as sodium and calcium. The participation of the
individual dopamine receptors in this effect is complex and varies depending
on several factors such as systemic water and sodium balance'***°. Dopamine
receptors D1, D2, D4 and D5 are also present in the adrenal glands!''1'2 The D2-
like receptors are known to control aldosterone production, but the function of
the D1-like receptors hasn’t been clarified yet!2114,

All dopaminergic receptors are expressed in the gastrointestinal tract. The
dopamine D2 receptor is involved in the inhibition of gastric acid production*®
and gastrointestinal motility!'®!'7, The role of the other dopaminergic receptors
remains unclear.

Furthermore, all dopamine receptors, except DRD1, are expressed on
peripheral blood leukocytes!'®'*°. The action of dopamine on immune cells has
best been studied in lymphocytes. In these cells dopamine exerts a dual role;
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activating resting lymphocytes and inhibiting activated ones!2!2L,

Recently dopamine receptors were also discovered on pancreatic 3-cells.
The dopamine D2 receptor is clearly involved in the modulation of insulin
secretion, but the role of the other receptors remains to be elucidated*?2.

DRD2 and diabetes

DRDZ2 polymorphisms

Several lines of evidence link the dopaminergic system to obesity, insulin
resistance and type 2 diabetes in humans and animal models. An important
indication for a functional relationship between dopamine and metabolic
disturbances came from epidemiological studies. Several groups have examined
the association of DRD2 polymorphisms and energy and nutrient metabolism.
Although in general the impact is small, there is an interaction between DRD2
variants and energy homeostasis. The polymorphism Ser311Cys, which
impairs the DRD2 signal transduction pathway'?3, is associated with a higher
BMI and lower resting energy expenditure in Pima Indians'?*!%, The TaqlA1l
allele, resulting in lower DRD2 binding!?¢, is associated with obesity'?”'%8, And,
a haplotype consisting of 2 SNP’s located in intron 5 and exon 6 of the DRD2
gene is associated with obesity as well'?. Recently, proof for a role of DRD2 in
the regulation of glucose and insulin metabolism was provided by Guigas et al.
who showed that, in humans, the rate of glucose stimulated insulin secretion is
associated with a 4-SNP haplotype (including TaqIA1 SNP) of the DRD2 gene!*.

DRDZ2 neurotransmission

More evidence came from the analysis of the dopaminergic system in obese and
diabetic animals and humans. The expression of DRD2 is reduced in specific
brain areas of obese Zucker and OLETF rats compared to lean control rats3*
133 This decreased DRD2 expression is also observed in the striatum of obese
humans. Moreover, in these individuals the number of DRD2 binding sites is
inversely related to the body mass index!3*. Additionally, basal dopamine levels
are increased in the hypothalamus of obese diabetic rats and the dopamine
release in response to food intake is exaggerated and longerlasting’®>138, A
higher dopamine concentration was also measured in post mortem brains
of diabetic patients compared to controls’*’. The reduction in dopaminergic
neurotransmission elicited by a decreased DRD2 expression is thought to
induce a “reward deficiency syndrome”, which might be compensated by
elevated dopamine release and additionally, or alternatively, by “reward seeking
behavior”, such as increased food intake!*’.

DRDZ2 antagonists
Another indication that dopamine D2 receptors might be involved in energy
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and nutrient metabolism came from the clinical observation that the use of
antipsychotic medication is associated with obesity, insulin resistance and
diabetes. Although numerous different antipsychotic drugs are used in clinic,
the common denominator of these drugs is their affinity for dopamine D2
receptors. In general, the newer, second-generation ‘atypical’ antipsychotics
have a broader range of action and a slightly lower affinity for the D2 receptor
compared to first-generation ‘typical’ antipsychotics, but they are still (at least
partial) DRD2 antagonists. In fact, it has been suggested that the clinical efficacy
of these drugs to alleviate psychotic symptoms depends on the interaction of
the drugs with dopamine D2 receptors'*.

Most antipsychotic drugs induce some degree of weight gain, yet the atypical,
second generation, drugs clozapine and olanzapine are associated with the most
severe increase in body weight!*1*%; in a meta-analysis it was calculated that
both drugs can induce weight gain of up to 4.5 kg in 10 weeks in schizophrenic
patients'*2. Other antipsychotic drugs, such as the typical drug haloperidol,
induce much less weight gain4214,

The use of antipsychotic drugs is also linked to the development of
diabetes!*31%°, Again, treatment with clozapine or olanzapine is associated
with the greatest risk of developing diabetes'*®. One study even showed
that, in a health care center, 36.6% of patients on clozapine treatment were
newly diagnosed with diabetes within 5 years after the start of treatment!*.
Although the metabolic side effects of antipsychotic drugs have been observed
in schizophrenic patients and schizophrenia itself contributes to the increased
risk of developing diabetes!*”1*8, it is generally accepted that antipsychotics can
directly affect energy and nutrient metabolism. This is confirmed by studies in
animal models and healthy humans.

As in schizophrenic patients, weight gain is consistently observed in healthy
volunteers treated with the antipsychotics olanzapine and risperidone!*9-1%3,
The impact of antipsychotic drugs on glucose metabolism in healthy individuals
though, is less clear; some studies report a reduction in insulin sensitivity
following drug treatment'#*!5152 whereas others fail to observe an effect
on insulin sensitivity'**!%3, In rodents the ability of antipsychotics to induce
weight gain seems to be gender specific; female rats are sensitive to the weight
inducing effect of the drugs, whereas in most studies using male rodents, body
weight is not affected, or even decreased, by drug treatment'>*1%, The impact of
antipsychotics on glucose metabolism, however, is consistent in animals. Both
chronic and acute antipsychotic drug treatment is highly associated with the
development of glucose intolerance and insulin resistance!>¢159-164,

Alterations in several pathways might underlie these antipsychotic induced
metabolic abnormalities. In most animal experiments, antipsychotics induce
a defect in insulin stimulated glucose uptake during hyperinsulinemia®¢!-164,
Accordingly, it was observed that several antipsychotic drugs reduce glucose
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uptake in neuronal cells'®®. The inability of tissues to appropriately respond to
insulin stimulation might depend on an antipsychotic induced defect in insulin
signaling, as is described in muscle cells after incubation with olanzapine!°.

In addition, an abnormally high endogenous glucose production during
hyperinsulinemia is found in several animal models on antipsychotic drug
treatment!'>916116¢ The underlying mechanism might be the inability of the liver
to respond to the inhibitory action of insulin and/or the ability of antipsychotic
drugs to acutely stimulate the endogenous glucose production, as is shown in
rats*®’.

A defect in insulin release might further add up to the metabolic alterations
induced by antipsychotics. Several studies have reported an antipsychotic drug
induced reduction in insulin response during hyperglycemia'®21¢3. Accordingly,
it was found that antipsychotic drugs can directly affect insulin release from
isolated pancreatic islets¢7-16%,

DRD2 agonists

Considering the impact of the dopaminergic system on energy and nutrient
metabolism, several groups have examined the efficacy of DRD2 agonists in
ameliorating the adverse metabolic conditions associated with diabetes. The
best studied DRD2 agonist in relation to obesity and diabetes is bromocriptine,
clinically used in the treatment of Parkinson'’s disease and hyperprolactinemia.
In humans, several trials have been performed with this DRD2 agonist. The most
consistent impact of such treatment in obese individuals is normalization of
elevated plasma glucose levels'’%173, In addition, in several studies, bromocriptine
treatment diminished basal plasma insulin levels in obese individuals'7%!73.
The impact of bromocriptine on body weight though, is inconsistent among
studies; in some the body weight and fat percentage of subjects decreased
upon treatment!”*, while in others body weight remained stable throughout
the experiment'’*173, The impact of bromocriptine on glucose metabolism is
more consistent; it improves glucose tolerance and insulin sensitivity in obese
people!72174,

In most animal studies bromocriptine was given in combination with
the DRD1 agonist SKF38393, as this latter drug enhances the efficacy of
bromocriptine!’>7¢, Unlike in humans, treatment of obese diabetic animal
models with the combination of bromocriptine and SKF38393 consistently
decreases food intake, fat mass and overall body weight!7>177-180, Surprisingly,
the decrease in food intake was only moderately involved in body weight
reduction, as pair feeding was only able to partly reproduce this effect!”*18,
The impact of enhanced DRD2 stimulation on food intake and body weight
has also been confirmed with quinpirole, another DRD2 agonistic drug!’e.
Furthermore, like in humans, bromocriptine/SKF38393 treatment normalizes
elevated plasma glucose and insulin levels in obese diabetic animals!7>177-18,
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The underlying mechanism(s) for this improvement is not yet fully elucidated,
but bromocriptine/SKF38393 treatment reduces the activity of 2 key enzymes
involved in hepatic gluconeogenesis in obese insulin resistant mice'’® and
glucose production is diminished in bromocriptine treated hamsters!®..
Also, bromocriptine improves glucose tolerance and insulin sensitivity'’”182,
This might be mediated by a restoration of the aberrant -cell function by
bromocriptine/SKF38393, resulting in a reduction of the elevated basal insulin
release, an increase in insulin content and an improved glucose-stimulated
insulin release!78183184,

Injection of bromocriptine directly into the brain of diabetic hamsters, in
a concentration that does not have an effect when administered systemically,
also diminishes body weight and improves glucose tolerance and insulin
sensitivity'®; suggesting that (part of) the observed effects of DRD2 stimulation
on metabolism are mediated by dopamine receptors in the brain.

Outline of this thesis

The dopaminergic system in general and the dopamine receptor D2 specifically
are functionally linked to diabetes-associated metabolic derangements. Genetic
variations in the DRD2 gene are associated with altered energy and nutrient
homeostasis. Inhibition of DRD2 promotes a diabetes-like phenotype, while
activation of DRD2 restores a normal metabolic profile. Also several components
of dopaminergic signaling are modified in obese and diabetic humans and
animals. Despite the established interaction between DRD2 and disturbances
in the energy and nutrient homeostasis, several questions regarding the exact
role of DRD2 in the aetiology of diabetes and the mechanism underlying the
metabolic corollary of DRD2 transmission modulation remain unanswered.
The research described in this thesis is conducted in order to unravel the
characteristics of the interplay between the DRD2 and glucose metabolism as
well as to understand the underlying mechanism(s).

The aim of chapter 2 was to determine the role of the dopaminergic system in
the aetiology of high fat diet induced obesity and insulin resistance. Therefore,
glucose metabolism and several indicators of dopaminergic neurotransmission
were evaluated after 4 weeks of high fat feeding in wt mice and compared to
mice maintained on a low fat diet.

Calorie restriction is the most effective way to extend lifespan and reduce
morbidity. As such, it also improves insulin sensitivity and delays the age-
related loss of DRD2 expression in the brain. Considering this, together with
the role of the dopaminergic system in glucose metabolism, it can be suggested
that the dopaminergic system is involved in the beneficial impact of calorie
restriction on insulin action. This hypothesis was addressed in chapter 3. Wt
mice were maintained on a high fat diet, either with unlimited or restricted
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access, for 12 weeks. During the entire experiment half of the calorie restricted
mice also received continuous haloperidol treatment. After the treatment
period glucose metabolism was evaluated and the hypothalamic DRD2 binding
was determined.

In general, high fat feeding induces obesity, insulin resistance and a type 2
diabetic phenotype in rodents, but there is a large diversity in response within
single strains of rodents. Based on weight gain, the phenotype of rodents on
a high fat diet can be characterized as diet induced obese (DIO), intermediate
or diet resistant (DR). DIO and DR rodents differ in several components of
the dopaminergic system, even before the onset of obesity. This led to the
suggestion that variation in dopaminergic neurotransmission participates in
the development of the divergent DIO and DR phenotypes. Therefore, in chapter
4 we maintained wt mice on a high fat diet for 10 weeks to classify them as DIO
and DR. Subsequently we treated DIO and DR mice with, respectively, the DRD2
agonist bromocriptine and the DRD2 antagonist haloperidol and performed
indirect calorimetric measurements and characterized glucose metabolism.
Placebo treated DIO and DR mice served as controls.

Antipsychotic drugs are associated with the development of insulin resistance
and dyslipidemia. It is, however, still unclear if these drugs directly modify
glucose and lipid metabolism or if they promote weight gain which may lead to
the disturbed metabolic profile. Therefore, in chapter 5, the short-term impact
of the typical antipsychotic drug haloperidol and the atypical drug olanzapine
were studied in order to unravel the mechanism underlying the deregulation of
nutrient metabolism. The carbohydrate and lipid metabolism of healthy men
was evaluated before and after 8 days of antipsychotic drug treatment.

The DRD2 agonistic drug bromocriptine is highly effective in improving
glucose metabolism and 3-cell function, yet, the underlying mechanism remains
unclear. In chapter 6 we studied the acute impact of bromocriptine on insulin
secretion and action in wt mice and the impact on intracellular signaling in INS-
1E cells.

In chapter 7 the results obtained with these studies and their implications
are discussed.

References

1. www.idforg

2. Wild S, Roglic G, Green A, Sicree R and King H. Global prevalence of diabetes:

estimates for the year 2000 and projections for 2030. Diabetes Care 2004; 27:

1047-1053

www.who.int

4.  Roglic G and Unwin N. Mortality attributable to diabetes: estimates for the year
2010. Diabetes Res Clin Pract 2010; 87: 15-19

w

23



lﬁ | Chapter 1

10.

11.

12.

13.

14.

15.

16.

17.

18.

Barr EL, Zimmet PZ, Welborn TA, Jolley D, Magliano DJ, Dunstan DW, Cameron
A], Dwyer T, Taylor HR, Tonkin AM, Wong TY, McNeil ] and Shaw JE. Risk of
cardiovascular and all-cause mortality in individuals with diabetes mellitus,
impaired fasting glucose, and impaired glucose tolerance: the Australian Diabetes,
Obesity, and Lifestyle Study (AusDiab). Circulation 2007; 116: 151-157

Winer N and Sowers JR. Epidemiology of diabetes. ] Clin Pharmacol 2004; 44: 397-
405

Ringborg A, Lindgren P, Martinell M, Yin DD, Schon S and Stalhammar J. Prevalence
and incidence of Type 2 diabetes and its complications 1996-2003--estimates
from a Swedish population-based study. Diabet Med 2008; 25: 1178-1186
Donnan PT, Leese GP and Morris AD. Hospitalizations for people with type 1 and
type 2 diabetes compared with the nondiabetic population of Tayside, Scotland:
a retrospective cohort study of resource use. Diabetes Care 2000; 23: 1774-1779
Villar E, Chang SH and McDonald SP. Incidences, treatments, outcomes, and sex
effect on survival in patients with end-stage renal disease by diabetes status in
Australia and New Zealand (1991 2005). Diabetes Care 2007; 30: 3070-3076
National Institute of Diabetes and Digestive and Kidney Diseases. National
Diabetes Statistics, 2007 fact sheet. In: U.S. Department of Health and Human
Services, National Institutes of Health, 2008.

Thomas PK. Diabetic peripheral neuropathies: their cost to patient and society
and the value of knowledge of risk factors for development of interventions. Eur
Neurol 1999; 41 Suppl 1: 35-43

King H and Rewers M. Global estimates for prevalence of diabetes mellitus and
impaired glucose tolerance in adults. WHO Ad Hoc Diabetes Reporting Group.
Diabetes Care 1993; 16: 157-177

Knowler WC, Saad MF, Pettitt D], Nelson RG and Bennett PH. Determinants of
diabetes mellitus in the Pima Indians. Diabetes Care 1993; 16: 216-227

Newman B, Selby ]V, King MC, Slemenda C, Fabsitz R and Friedman GD.
Concordance for type 2 (non-insulin-dependent) diabetes mellitus in male twins.
Diabetologia 1987; 30: 763-768

Poulsen P, Kyvik KO, Vaag A and Beck-Nielsen H. Heritability of type II (non-insulin-
dependent) diabetes mellitus and abnormal glucose tolerance--a population-
based twin study. Diabetologia 1999; 42: 139-145

Groop L, Forsblom C, Lehtovirta M, Tuomi T, Karanko S, Nissen M, Ehrnstrom BO,
Forsen B, Isomaa B, Snickars B and Taskinen MR. Metabolic consequences of a
family history of NIDDM (the Botnia study): evidence for sex-specific parental
effects. Diabetes 1996; 45: 1585-1593

Perseghin G, Ghosh S, Gerow K and Shulman GI. Metabolic defects in lean
nondiabetic offspring of NIDDM parents: a cross-sectional study. Diabetes 1997;
46:1001-1009

Fajans SS, Bell GI and Polonsky KS. Molecular mechanisms and clinical
pathophysiology of maturity-onset diabetes of the young. N Engl ] Med 2001; 345:
971-980



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

General Introduction

Takeuchi F, Serizawa M, Yamamoto K, Fujisawa T, Nakashima E, Ohnaka K, Ikegami
H, Sugiyama T, Katsuya T, Miyagishi M, Nakashima N, Nawata H, Nakamura J, Kono
S, Takayanagi R and Kato N. Confirmation of multiple risk Loci and genetic impacts
by a genome-wide association study of type 2 diabetes in the Japanese population.
Diabetes 2009; 58: 1690-1699

Freeman H and Cox RD. Type-2 diabetes: a cocktail of genetic discovery. Hum Mol
Genet 2006; 15 Suppl 2: R202-R209

Frayling TM. Genome-wide association studies provide new insights into type 2
diabetes aetiology. Nat Rev Genet 2007; 8: 657-662

Flegal KM, Carroll MD, Ogden CL and Johnson CL. Prevalence and trends in obesity
among US adults, 1999-2000. JAMA 2002; 288: 1723-1727

Ogden CL, Flegal KM, Carroll MD and Johnson CL. Prevalence and trends in
overweight among US children and adolescents, 1999-2000. JAMA 2002; 288:
1728-1732

Narayan KM, Boyle JP, Thompson TJ, Gregg EW and Williamson DF. Effect of BMI
on lifetime risk for diabetes in the U.S. Diabetes Care 2007; 30: 1562-1566
Eberhardt MS, Ogden CL, Engelgau M, Cadwell B, Hedley AA and Saydah SH.
Prevalence of Overweight and Obesity Among Adults with Diagnosed Diabetes -
United States, 1988-1994 and 1999-2002. MMWR 2004; 53: 1066-1068

Hu FB, Li TY, Colditz GA, Willett WC and Manson JE. Television watching and other
sedentary behaviors in relation to risk of obesity and type 2 diabetes mellitus in
women. JAMA 2003; 289: 1785-1791

Helmrich SP, Ragland DR, Leung RW and Paffenbarger RS, Jr. Physical activity and
reduced occurrence of non-insulin-dependent diabetes mellitus. N Engl | Med
1991; 325: 147-152

Hu FB, Sigal R], Rich-Edwards JW, Colditz GA, Solomon CG, Willett WC, Speizer FE
and Manson JE. Walking compared with vigorous physical activity and risk of type
2 diabetes in women: a prospective study. JAMA 1999; 282: 1433-1439

Hu G, Qiao Q, Silventoinen K, Eriksson ]G, Jousilahti P, Lindstrom ], Valle TT,
Nissinen A and Tuomilehto J. Occupational, commuting, and leisure-time physical
activity in relation to risk for Type 2 diabetes in middle-aged Finnish men and
women. Diabetologia 2003; 46: 322-329

Meisinger C, Lowel H, Thorand B and Doring A. Leisure time physical activity and
the risk of type 2 diabetes in men and women from the general population. The
MONICA/KORA Augsburg Cohort Study. Diabetologia 2005; 48: 27-34

Laaksonen DE, Lindstrom ], Lakka TA, Eriksson ]G, Niskanen L, Wikstrom K, Aunola
S, Keinanen-Kiukaanniemi S, Laakso M, Valle TT, Ilanne-Parikka P, Louheranta
A, Hamalainen H, Rastas M, Salminen V, Cepaitis Z, Hakumaki M, Kaikkonen H,
Harkonen P, Sundvall J, Tuomilehto ] and Uusitupa M. Physical activity in the
prevention of type 2 diabetes: the Finnish diabetes prevention study. Diabetes
2005; 54: 158-165

Pan XR, Li GW, Hu YH, Wang JX, Yang WY, An ZX, Hu ZX, Lin ], Xiao JZ, Cao HB, Liu
PA, Jiang XG, Jiang YY, Wang JP, Zheng H, Zhang H, Bennett PH and Howard BV.
Effects of diet and exercise in preventing NIDDM in people with impaired glucose
tolerance. The Da Qing IGT and Diabetes Study. Diabetes Care 1997; 20: 537-544

25



g | Chapter 1

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

Tokmakidis SP, Zois CE, Volaklis KA, Kotsa K and Touvra AM. The effects of a
combined strength and aerobic exercise program on glucose control and insulin
action in women with type 2 diabetes. Eur | Appl Physiol 2004; 92: 437-442
Ibanez |, Izquierdo M, Arguelles I, Forga L, Larrion JL, Garcia-Unciti M, Idoate F
and Gorostiaga EM. Twice-weekly progressive resistance training decreases
abdominal fat and improves insulin sensitivity in older men with type 2 diabetes.
Diabetes Care 2005; 28: 662-667

Misra A, Alappan NK, Vikram NK, Goel K, Gupta N, Mittal K, Bhatt S and Luthra K.
Effect of supervised progressive resistance-exercise training protocol on insulin
sensitivity, glycemia, lipids, and body composition in Asian Indians with type 2
diabetes. Diabetes Care 2008; 31: 1282-1287

van Dam RM, Rimm EB, Willett WC, Stampfer MJ and Hu FB. Dietary patterns and
risk for type 2 diabetes mellitus in U.S. men. Ann Intern Med 2002; 136: 201-209
Fung TT, Schulze M, Manson JE, Willett WC and Hu FB. Dietary patterns, meat
intake, and the risk of type 2 diabetes in women. Arch Intern Med 2004; 164: 2235-
2240

McNaughton SA, Mishra GD and Brunner EJ. Dietary patterns, insulin resistance,
and incidence of type 2 diabetes in the Whitehall II Study. Diabetes Care 2008; 31:
1343-1348

Nettleton JA, Steffen LM, Ni H, Liu K and Jacobs DR, Jr. Dietary patterns and risk
of incident type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis (MESA).
Diabetes Care 2008; 31: 1777-1782

Cowie CC, Rust KF, Ford ES, Eberhardt MS, Byrd-Holt DD, Li C, Williams DE, Gregg
EW, Bainbridge KE, Saydah SH and Geiss LS. Full accounting of diabetes and pre-
diabetes in the U.S. population in 1988-1994 and 2005-2006. Diabetes Care 2009;
32:287-294

Fink RI, Kolterman OG, Griffin ] and Olefsky JM. Mechanisms of insulin resistance
in aging. J Clin Invest 1983; 71: 1523-1535

Rowe JW, Minaker KL, Pallotta JA and Flier JS. Characterization of the insulin
resistance of aging. J Clin Invest 1983; 71: 1581-1587

Shimokata H, Muller DC, Fleg JL, Sorkin ], Ziemba AW and Andres R. Age as
independent determinant of glucose tolerance. Diabetes 1991; 40: 44-51
Ferrannini E, Vichi S, Beck-Nielsen H, Laakso M, Paolisso G and Smith U. Insulin
action and age. European Group for the Study of Insulin Resistance (EGIR).
Diabetes 1996; 45: 947-953

DeNino WE, Tchernof A, Dionne IJ, Toth M], Ades PA, Sites CK and Poehlman
ET. Contribution of abdominal adiposity to age-related differences in insulin
sensitivity and plasma lipids in healthy nonobese women. Diabetes Care 2001; 24:
925-932

Cryer PE. The barrier of hypoglycemia in diabetes. Diabetes 2008; 57: 3169-3176
Calcutt NA, Cooper ME, Kern TS and Schmidt AM. Therapies for hyperglycaemia-
induced diabetic complications: from animal models to clinical trials. Nat Rev
Drug Discov 2009; 8: 417-429

Jiang G and Zhang BB. Glucagon and regulation of glucose metabolism. Am J Physiol
Endocrinol Metab 2003; 284: E671-E678



49,

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

General Introduction

Bansal P and Wang Q. Insulin as a physiological modulator of glucagon secretion.
Am ] Physiol Endocrinol Metab 2008; 295: E751-E761

Bonadonna RC, Del PS, Saccomani MP, Bonora E, Gulli G, Ferrannini E, Bier D,
Cobelli C and DeFronzo RA. Transmembrane glucose transport in skeletal muscle
of patients with non-insulin-dependent diabetes. J Clin Invest 1993; 92: 486-494
Kelley DE, Mintun MA, Watkins SC, Simoneau JA, Jadali F, Fredrickson A, Beattie ]
and Theriault R. The effect of non-insulin-dependent diabetes mellitus and obesity
on glucose transport and phosphorylation in skeletal muscle. J Clin Invest 1996;
97:2705-2713

Pendergrass M, Bertoldo A, Bonadonna R, Nucci G, Mandarino L, Cobelli C and
DeFronzo RA. Muscle glucose transport and phosphorylation in type 2 diabetic,
obese nondiabetic, and genetically predisposed individuals. Am J Physiol Endocrinol
Metab 2007; 292: E92-100

Krook A, Bjornholm M, Galuska D, Jiang X], Fahlman R, Myers MG, Jr,, Wallberg-
Henriksson H and Zierath JR. Characterization of signal transduction and glucose
transport in skeletal muscle from type 2 diabetic patients. Diabetes 2000; 49: 284-
292

Kim YB, Kotani K, Ciaraldi TP, Henry RR and Kahn BB. Insulin-stimulated protein
kinase C lambda/zeta activity is reduced in skeletal muscle of humans with
obesity and type 2 diabetes: reversal with weight reduction. Diabetes 2003; 52:
1935-1942

Beeson M, Sajan MP, Dizon M, Grebenev D, Gomez-Daspet ], Miura A, Kanoh Y, Powe
], Bandyopadhyay G, Standaert ML and Farese RV. Activation of protein kinase
C-zeta by insulin and phosphatidylinositol-3,4,5-(P04)3 is defective in muscle in
type 2 diabetes and impaired glucose tolerance: amelioration by rosiglitazone and
exercise. Diabetes 2003; 52: 1926-1934

Sinha MK, Pories W], Flickinger EG, Meelheim D and Caro JF. Insulin-receptor
kinase activity of adipose tissue from morbidly obese humans with and without
NIDDM. Diabetes 1987; 36: 620-625

Olefsky JM, Garvey WT, Henry RR, Brillon D, Matthaei S and Freidenberg GR.
Cellular mechanisms of insulin resistance in non-insulin-dependent (type II)
diabetes. Am ] Med 1988; 85: 86-105

Garvey WT, Maianu L, Huecksteadt TP, Birnbaum M], Molina JM and Ciaraldi TP.
Pretranslational suppression of a glucose transporter protein causes insulin
resistance in adipocytes from patients with non-insulin-dependent diabetes
mellitus and obesity. J Clin Invest 1991; 87: 1072-1081

Wahren ] and Ekberg K. Splanchnic regulation of glucose production. Annu Rev
Nutr 2007; 27: 329-345

Basu A, Basu R, Shah P, Vella A, Johnson CM, Nair KS, Jensen MD, Schwenk WF and
Rizza RA. Effects of type 2 diabetes on the ability of insulin and glucose to regulate
splanchnic and muscle glucose metabolism: evidence for a defect in hepatic
glucokinase activity. Diabetes 2000; 49: 272-283

Ludvik B, Nolan J], Roberts A, Baloga ], Joyce M, Bell JM and Olefsky JM. Evidence
for decreased splanchnic glucose uptake after oral glucose administration in non-
insulin-dependent diabetes mellitus. J Clin Invest 1997; 100: 2354-2361

27



g | Chapter 1

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Krssak M, Brehm A, Bernroider E, Anderwald C, Nowotny P, Dalla MC, Cobelli C,
Cline GW, Shulman GI, Waldhausl W and Roden M. Alterations in postprandial
hepatic glycogen metabolism in type 2 diabetes. Diabetes 2004; 53: 3048-3056
Caro JF, Triester S, Patel VK, Tapscott EB, Frazier NL and Dohm GL. Liver
glucokinase: decreased activity in patients with type Il diabetes. Horm Metab Res
1995; 27: 19-22

Clore JN, Stillman ] and Sugerman H. Glucose-6-phosphatase flux in vitro is
increased in type 2 diabetes. Diabetes 2000; 49: 969-974

Magnusson I, Rothman DL, Katz LD, Shulman RG and Shulman GI. Increased rate
of gluconeogenesis in type Il diabetes mellitus. A 13C nuclear magnetic resonance
study. J Clin Invest 1992; 90: 1323-1327

Gastaldelli A, Baldi S, Pettiti M, Toschi E, Camastra S, Natali A, Landau BR and
Ferrannini E. Influence of obesity and type 2 diabetes on gluconeogenesis and
glucose output in humans: a quantitative study. Diabetes 2000; 49: 1367-1373
Gastaldelli A, Toschi E, Pettiti M, Frascerra S, Quinones-Galvan A, Sironi AM, Natali
A and Ferrannini E. Effect of physiological hyperinsulinemia on gluconeogenesis
in nondiabetic subjects and in type 2 diabetic patients. Diabetes 2001; 50: 1807-
1812

Basu R, Chandramouli V, Dicke B, Landau B and Rizza R. Obesity and type 2 diabetes
impair insulin-induced suppression of glycogenolysis as well as gluconeogenesis.
Diabetes 2005; 54: 1942-1948

Gerich JE, Lorenzi M, Karam JH, Schneider V and Forsham PH. Abnormal pancreatic
glucagon secretion and postprandial hyperglycemia in diabetes mellitus. JAMA
1975; 234: 159-5

Henkel E, Menschikowski M, Koehler C, Leonhardt W and Hanefeld M. Impact of
glucagon response on postprandial hyperglycemia in men with impaired glucose
tolerance and type 2 diabetes mellitus. Metabolism 2005; 54: 1168-1173

Shah P, Vella A, Basu A, Basu R, Schwenk WF and Rizza RA. Lack of suppression
of glucagon contributes to postprandial hyperglycemia in subjects with type 2
diabetes mellitus. J Clin Endocrinol Metab 2000; 85: 4053-4059

Sakuraba H, Mizukami H, Yagihashi N, Wada R, Hanyu C and Yagihashi S. Reduced
beta-cell mass and expression of oxidative stress-related DNA damage in the islet
of Japanese Type II diabetic patients. Diabetologia 2002; 45: 85-96

Butler AE, Janson ], Bonner-Weir S, Ritzel R, Rizza RA and Butler PC. Beta-cell
deficit and increased beta-cell apoptosis in humans with type 2 diabetes. Diabetes
2003; 52:102-110

Ward WK, Bolgiano DC, McKnight B, Halter |B and Porte D, Jr. Diminished B cell
secretory capacity in patients with noninsulin-dependent diabetes mellitus. J Clin
Invest 1984; 74: 1318-1328

Del Guerra S., Lupi R, Marselli L, Masini M, Bugliani M, Sbrana S, Torri S, Pollera M,
Boggi U, Mosca F, Del Prato S. and Marchetti P. Functional and molecular defects of
pancreatic islets in human type 2 diabetes. Diabetes 2005; 54: 727-735

Mao CS, Berman N, Roberts K and Ipp E. Glucose entrainment of high-frequency
plasma insulin oscillations in control and type 2 diabetic subjects. Diabetes 1999;
48:714-721



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

General Introduction

Hollingdal M, Juhl CB, Pincus SM, Sturis ], Veldhuis JD, Polonsky KS, Porksen N
and Schmitz O. Failure of physiological plasma glucose excursions to entrain high-
frequency pulsatile insulin secretion in type 2 diabetes. Diabetes 2000; 49: 1334-
1340

Kahn SE and Halban PA. Release of incompletely processed proinsulin is the cause
of the disproportionate proinsulinemia of NIDDM. Diabetes 1997; 46: 1725-1732
Roder ME, Dinesen B, Hartling SG, Houssa P, Vestergaard H, Sodoyez-Goffaux F and
Binder C. Intact proinsulin and beta-cell function in lean and obese subjects with
and without type 2 diabetes. Diabetes Care 1999; 22: 609-614

Robertson RP, Harmon ], Tran PO, Tanaka Y and Takahashi H. Glucose toxicity in
beta-cells: type 2 diabetes, good radicals gone bad, and the glutathione connection.
Diabetes 2003; 52: 581-587

Efanova IB, Zaitsev SV, Zhivotovsky B, Kohler M, Efendic S, Orrenius S and Berggren
PO. Glucose and tolbutamide induce apoptosis in pancreatic beta-cells. A process
dependent on intracellular Ca2+ concentration. J Biol Chem 1998; 273: 33501-
33507

Grill V and Bjorklund A. Overstimulation and beta-cell function. Diabetes 2001; 50
Suppl 1: S122-S124

Ahima RS and Flier |JS. Leptin. Annu Rev Physiol 2000; 62: 413-437

Chua SC, Jr, White DW, Wu-Peng XS, Liu SM, Okada N, Kershaw EE, Chung WK,
Power-Kehoe L, Chua M, Tartaglia LA and Leibel RL. Phenotype of fatty due to
GIn269Pro mutation in the leptin receptor (Lepr). Diabetes 1996; 45: 1141-1143
Lee GH, Proenca R, Montez JM, Carroll KM, Darvishzadeh ]G, Lee JI and Friedman
JM. Abnormal splicing of the leptin receptor in diabetic mice. Nature 1996; 379:
632-635

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L and Friedman JM. Positional
cloning of the mouse obese gene and its human homologue. Nature 1994; 372:
425-432

Ionescu E, Sauter JF and Jeanrenaud B. Abnormal oral glucose tolerance in
genetically obese (fa/fa) rats. Am J Physiol 1985; 248: E500-E506

Terrettaz ], Assimacopoulos-Jeannet F and Jeanrenaud B. Severe hepatic and
peripheral insulin resistance as evidenced by euglycemic clamps in genetically
obese fa/fa rats. Endocrinology 1986; 118: 674-678

Coleman DL. Obese and diabetes: two mutant genes causing diabetes-obesity
syndromes in mice. Diabetologia 1978; 14: 141-148

Lindstrom P. The physiology of obese-hyperglycemic mice [ob/ob mice]. Scientific
World Journal 2007; 7: 666-685

Kawano K, Hirashima T, Mori S and Natori T. OLETF (Otsuka Long-Evans
Tokushima Fatty) rat: a new NIDDM rat strain. Diabetes Res Clin Pract 1994; 24
Suppl: S317-S320

Moran TH. Unraveling the obesity of OLETF rats. Physiol Behav 2008; 94: 71-78
Bi S and Moran TH. Actions of CCK in the controls of food intake and body weight:
lessons from the CCK-A receptor deficient OLETF rat. Neuropeptides 2002; 36:
171-181

29



8 | Chapter 1

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Park SY, Cho YR, Kim HJ, Higashimori T, Danton C, Lee MK, Dey A, Rothermel B,
Kim YB, Kalinowski A, Russell KS and Kim JK. Unraveling the temporal pattern
of diet-induced insulin resistance in individual organs and cardiac dysfunction in
C57BL/6 mice. Diabetes 2005; 54: 3530-3540

Gallou-Kabani C, Vige A, Gross MS, Rabes JP, Boileau C, Larue-Achagiotis C, Tome
D, Jais JP and Junien C. C57BL/6] and A/] mice fed a high-fat diet delineate
components of metabolic syndrome. Obesity (Silver Spring) 2007; 15: 1996-2005
Burcelin R, Crivelli V, Dacosta A, Roy-Tirelli A and Thorens B. Heterogeneous
metabolic adaptation of C57BL/6] mice to high-fat diet. Am J Physiol Endocrinol
Metab 2002; 282: E834-E842

Levin BE and Dunn-Meynell AA. Dysregulation of arcuate nucleus
preproneuropeptide Y mRNA in diet-induced obese rats. Am J Physiol 1997; 272:
R1365-R1370

Huang XF, Han M and Storlien LH. Differential expression of 5-HT(2A) and
5-HT(2C) receptor mRNAs in mice prone, or resistant, to chronic high-fat diet-
induced obesity. Brain Res Mol Brain Res 2004; 127: 39-47

Elsworth JD and Roth RH. Dopamine synthesis, uptake, metabolism, and receptors:
relevance to gene therapy of Parkinson’s disease. Exp Neurol 1997; 144: 4-9
Schmitz Y, Benoit-Marand M, Gonon F and Sulzer D. Presynaptic regulation of
dopaminergic neurotransmission. ] Neurochem 2003; 87: 273-289

Missale C, Nash SR, Robinson SW, Jaber M and Caron MG. Dopamine receptors:
from structure to function. Physiol Rev 1998; 78: 189-225
Dziedzicka-Wasylewska M. Brain dopamine receptors--research perspectives and
potential sites of regulation. Pol ] Pharmacol 2004; 56: 659-671

Meguid MM, Fetissov SO, Varma M, Sato T, Zhang L, Laviano A and Rossi-Fanelli F.
Hypothalamic dopamine and serotonin in the regulation of food intake. Nutrition
2000; 16: 843-857

Amenta F Gallo P, Rossodivita A and Ricci A. Radioligand binding and
autoradiographic analysis of dopamine receptors in the human heart. Naunyn
Schmiedebergs Arch Pharmacol 1993; 347: 147-154

Ozono R, O’Connell DP, Wang ZQ, Moore AF, Sanada H, Felder RA and Carey RM.
Localization of the dopamine D1 receptor protein in the human heart and kidney.
Hypertension 1997; 30: 725-729

Ricci A, Bronzetti E, Fedele F, Ferrante F, Zaccheo D and Amenta F. Pharmacological
characterization and autoradiographic localization of a putative dopamine D4
receptor in the heart. ] Auton Pharmacol 1998; 18: 115-121

Amenta F, Barili P, Bronzetti E, Felici L, Mignini F and Ricci A. Localization of
dopamine receptor subtypes in systemic arteries. Clin Exp Hypertens 2000; 22:
277-288

Ricci A, Mignini F, Tomassoni D and Amenta F. Dopamine receptor subtypes in the
human pulmonary arterial tree. Auton Autacoid Pharmacol 2006; 26: 361-369
Zeng C, Zhang M, Asico LD, Eisner GM and Jose PA. The dopaminergic system in
hypertension. Clin Sci (Lond) 2007; 112: 583-597

Jose PA, Eisner GM and Felder RA. Renal dopamine receptors in health and
hypertension. Pharmacol Ther 1998; 80: 149-182



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

General Introduction

Pivonello R, Ferone D, de Herder WW, de Krijger RR, Waaijers M, Mooij DM, van
Koetsveld PM, Barreca A, De Caro ML, Lombardi G, Colao A, Lamberts SW and
Hofland L]. Dopamine receptor expression and function in human normal adrenal
gland and adrenal tumors. J Clin Endocrinol Metab 2004; 89: 4493-4502

Wu KD, Chen YM, Chu TS, Chueh SC, Wu MH and Bor-Shen H. Expression and
localization of human dopamine D2 and D4 receptor mRNA in the adrenal gland,
aldosterone-producing adenoma, and pheochromocytoma. J Clin Endocrinol Metab
2001; 86: 4460-4467

Missale C, Memo M, Liberini P and Spano P. Dopamine selectively inhibits
angiotensin II-induced aldosterone secretion by interacting with D-2 receptors. J
Pharmacol Exp Ther 1988; 246: 1137-1143

Chang HW, Wu VC, Huang CY, Huang HY, Chen YM, Chu TS, Wu KD and Hsieh BS.
D4 dopamine receptor enhances angiotensin II-stimulated aldosterone secretion
through PKC-epsilon and calcium signaling. Am J Physiol Endocrinol Metab 2008;
294:E622-E629

Eliassi A, Aleali F and Ghasemi T. Peripheral dopamine D2-like receptors have a
regulatory effect on carbachol-, histamine- and pentagastrin-stimulated gastric
acid secretion. Clin Exp Pharmacol Physiol 2008; 35: 1065-1070

Takahashi T, Kurosawa S, Wiley JW and Owyang C. Mechanism for the gastrokinetic
action of domperidone. In vitro studies in guinea pigs. Gastroenterology 1991;
101: 703-710

LiZS, Schmauss C, Cuenca A, Ratcliffe E and Gershon MD. Physiological modulation
of intestinal motility by enteric dopaminergic neurons and the D2 receptor:
analysis of dopamine receptor expression, location, development, and function in
wild-type and knock-out mice. ] Neurosci 2006; 26: 2798-2807

McKenna F, McLaughlin PJ, Lewis BJ, Sibbring GC, Cummerson JA, Bowen-Jones
D and Moots R]. Dopamine receptor expression on human T- and B-lymphocytes,
monocytes, neutrophils, eosinophils and NK cells: a flow cytometric study. J
Neuroimmunol 2002; 132: 34-40

Kirillova GP, Hrutkay R], Shurin MR, Shurin GV, Tourkova IL and Vanyukov MM.
Dopamine receptors in human lymphocytes: radioligand binding and quantitative
RT-PCR assays. /] Neurosci Methods 2008; 174: 272-280

Levite M. Neurotransmitters activate T-cells and elicit crucial functions via
neurotransmitter receptors. Curr Opin Pharmacol 2008; 8: 460-471

Sarkar C, Basu B, Chakroborty D, Dasgupta PS and Basu S. The immunoregulatory
role of dopamine: an update. Brain Behav Immun 2010; 24: 525-528

Rubi B, Ljubicic S, Pournourmohammadi S, Carobbio S, Armanet M, Bartley C and
Maechler P. Dopamine D2-like receptors are expressed in pancreatic beta cells and
mediate inhibition of insulin secretion. ] Biol Chem 2005; 280: 36824-36832
Cravchik A, Sibley DR and Gejman PV. Functional analysis of the human D2
dopamine receptor missense variants. / Biol Chem 1996; 271: 26013-26017
Jenkinson CP, Hanson R, Cray K, Wiedrich C, Knowler WC, Bogardus C and Baier L.
Association of dopamine D2 receptor polymorphisms Ser311Cys and TaqlA with
obesity or type 2 diabetes mellitus in Pima Indians. Int | Obes Relat Metab Disord
2000; 24: 1233-1238

31



N | Chapter 1

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Tataranni PA, Baier L, Jenkinson C, Harper I, Del PA and Bogardus C. A Ser311Cys
mutation in the human dopamine receptor D2 gene is associated with reduced
energy expenditure. Diabetes 2001; 50: 901-904

Thompson ], Thomas N, Singleton A, Piggott M, Lloyd S, Perry EK, Morris CM,
Perry RH, Ferrier IN and Court JA. D2 dopamine receptor gene (DRD2) Taql A
polymorphism: reduced dopamine D2 receptor binding in the human striatum
associated with the A1 allele. Pharmacogenetics 1997; 7: 479-484

Blum K, Braverman ER, Wood RC, Gill ], Li C, Chen TJ, Taub M, Montgomery AR,
Sheridan PJ and Cull JG. Increased prevalence of the Taq I A1 allele of the dopamine
receptor gene (DRD2) in obesity with comorbid substance use disorder: a
preliminary report. Pharmacogenetics 1996; 6: 297-305

Morton LM, Wang SS, Bergen AW, Chatterjee N, Kvale P, Welch R, Yeager M, Hayes
RB, Chanock S] and Caporaso NE. DRD2 genetic variation in relation to smoking
and obesity in the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial.
Pharmacogenet Genomics 2006; 16: 901-910

Comings DE, Flanagan SD, Dietz G, Muhleman D, Knell E and Gysin R. The dopamine
D2 receptor (DRD2) as a major gene in obesity and height. Biochem Med Metab
Biol 1993; 50: 176-185

Guigas B, de Leeuw van Weenen JE, Nijpels G, van Haeften TW, Boomsma DI, Pijl H,
Eekhoff EM and ‘t Hart LM. Naturally occuring variants in the Dopamine receptor
D2 (DRD2) gene affect glucose stimulated insulin secretion during hyperglycemic
clamps. Diabetes 2010; 59 Suppl 1: A335

Fetissov SO, Meguid MM, Sato T and Zhang LH. Expression of dopaminergic
receptors in the hypothalamus of lean and obese Zucker rats and food intake. Am J
Physiol Regul Integr Comp Physiol 2002; 283: R905-R910

Hajnal A, Margas WM and Covasa M. Altered dopamine D2 receptor function and
binding in obese OLETF rat. Brain Res Bull 2008; 75: 70-76

Davis LM, Michaelides M, Cheskin L], Moran TH, Aja S, Watkins PA, Pei Z, Contoreggi
C, McCullough K, Hope B, Wang GJ, Volkow ND and Thanos PK. Bromocriptine
administration reduces hyperphagia and adiposity and differentially affects
dopamine D2 receptor and transporter binding in leptin-receptor-deficient Zucker
rats and rats with diet-induced obesity. Neuroendocrinology 2009; 89: 152-162
Wang GJ, Volkow ND, Logan ], Pappas NR, Wong CT, Zhu W, Netusil N and Fowler JS.
Brain dopamine and obesity. Lancet 2001; 357: 354-357

Yang Z] and Meguid MM. LHA dopaminergic activity in obese and lean Zucker rats.
Neuroreport 1995; 6: 1191-1194

Orosco M, Rouch C, Meile M] and Nicolaidis S. Spontaneous feeding-related
monoamine changes in rostromedial hypothalamus of the obese Zucker rat: a
microdialysis study. Physiol Behav 1995; 57: 1103-1106

Lemierre S, Rouch C, Nicolaidis S and Orosco M. Combined effect of obesity and
aging on feeding-induced monoamine release in the rostromedial hypothalamus
of the Zucker rat. Int ] Obes Relat Metab Disord 1998; 22: 993-999

Barber M, Kasturi BS, Austin ME, Patel KP, MohanKumar SM and MohanKumar
PS. Diabetes-induced neuroendocrine changes in rats: role of brain monoamines,
insulin and leptin. Brain Res 2003; 964: 128-135



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

General Introduction

Lackovic Z, Salkovic M, Kuci Z and Relja M. Effect of long-lasting diabetes mellitus
on rat and human brain monoamines. ] Neurochem 1990; 54: 143-147

Comings DE and Blum K. Reward deficiency syndrome: genetic aspects of
behavioral disorders. Prog Brain Res 2000; 126: 325-341

Kapur S and Seeman P. Does fast dissociation from the dopamine d(2) receptor
explain the action of atypical antipsychotics?: A new hypothesis. Am | Psychiatry
2001; 158: 360-369

Allison DB, Mentore JL, Heo M, Chandler LP, Cappelleri JC, Infante MC and Weiden
PJ. Antipsychotic-induced weight gain: a comprehensive research synthesis. Am J
Psychiatry 1999; 156: 1686-1696

Newcomer JW. Second-generation (atypical) antipsychotics and metabolic effects:
a comprehensive literature review. CNS Drugs 2005; 19 Suppl 1: 1-93

Parsons B, Allison DB, Loebel A, Williams K, Giller E, Romano S and Siu C. Weight
effects associated with antipsychotics: a comprehensive database analysis.
Schizophr Res 2009; 110: 103-110

Cohen D. Atypical antipsychotics and new onset diabetes mellitus. An overview of
the literature. Pharmacopsychiatry 2004; 37: 1-11

Henderson DC, Cagliero E, Gray C, Nasrallah RA, Hayden DL, Schoenfeld DA and
Goff DC. Clozapine, diabetes mellitus, weight gain, and lipid abnormalities: A five-
year naturalistic study. Am J Psychiatry 2000; 157: 975-981

Rouillon F and Sorbara F. Schizophrenia and diabetes: epidemiological data. Eur
Psychiatry 2005; 20 Suppl 4: S345-S348

Fernandez-Egea E, Bernardo M, Donner T, Conget I, Parellada E, Justicia A,
Esmatjes E, Garcia-Rizo C and Kirkpatrick B. Metabolic profile of antipsychotic-
naive individuals with non-affective psychosis. Br ] Psychiatry 2009; 194: 434-438
Sowell MO, Mukhopadhyay N, Cavazzoni P, Shankar S, Steinberg HO, Breier A,
Beasley CM, Jr. and Dananberg ]J. Hyperglycemic clamp assessment of insulin
secretory responses in normal subjects treated with olanzapine, risperidone, or
placebo. J Clin Endocrinol Metab 2002; 87: 2918-2923

Sowell M, Mukhopadhyay N, Cavazzoni P, Carlson C, Mudaliar S, Chinnapongse
S, Ray A, Davis T, Breier A, Henry RR and Dananberg ]. Evaluation of insulin
sensitivity in healthy volunteers treated with olanzapine, risperidone, or placebo:
a prospective, randomized study using the two-step hyperinsulinemic, euglycemic
clamp. J Clin Endocrinol Metab 2003; 88: 5875-5880

Sacher ], Mossaheb N, Spindelegger C, Klein N, Geiss-Granadia T, Sauermann
R, Lackner E, Joukhadar C, Muller M and Kasper S. Effects of olanzapine and
ziprasidone on glucose tolerance in healthy volunteers. Neuropsychopharmacology
2008; 33: 1633-1641

Gross C, Blasey CM, Roe RL and Belanoff JK. Mifepristone Reduces Weight Gain
and Improves Metabolic Abnormalities Associated With Risperidone Treatment
in Normal Men. Obesity (Silver Spring) 2010; 18: 2295-2300

Fountaine R], Taylor AE, Mancuso JP, Greenway FL, Byerley LO, Smith SR, Most
MM and Fryburg DA. Increased food intake and energy expenditure following
administration of olanzapine to healthy men. Obesity (Silver Spring) 2010; 18:
1646-1651

33



i | Chapter 1

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Baptista T, Parada M and Hernandez L. Long term administration of some
antipsychotic drugs increases body weight and feeding in rats. Are D2 dopamine
receptors involved? Pharmacol Biochem Behav 1987; 27: 399-405

Baptista T, Mata A, Teneud L, de Quijada M, Han HW and Hernandez L. Effects
of long-term administration of clozapine on body weight and food intake in rats.
Pharmacol Biochem Behav 1993; 45: 51-54

Baptista T, Lacruz A, Paez X, Hernandez L and Beaulieu S. The antipsychotic drug
sulpiride does not affect bodyweight in male rats. Is insulin resistance involved?
Eur ] Pharmacol 2002; 447: 91-98

Baptista T, Araujo de Baptista E, Ying Kin NM, Beaulieu S, Walker D, Joober R,
Lalonde ] and Richard D. Comparative effects of the antipsychotics sulpiride or
risperidone in rats. I: bodyweight, food intake, body composition, hormones and
glucose tolerance. Brain Res 2002; 957: 144-151

Minet-Ringuet ], Even PC, Lacroix M, Tome D and de Beaurepaire R. A model for
antipsychotic-induced obesity in the male rat. Psychopharmacology (Berl) 2006;
187:447-454

Ader M, Kim SP, Catalano K], Ionut V, Hucking K, Richey JM, Kabir M and Bergman
RN. Metabolic dysregulation with atypical antipsychotics occurs in the absence of
underlying disease: a placebo-controlled study of olanzapine and risperidone in
dogs. Diabetes 2005; 54: 862-871

Smith GC, Chaussade C, Vickers M, Jensen ] and Shepherd PR. Atypical antipsychotic
drugs induce derangements in glucose homeostasis by acutely increasing glucagon
secretion and hepatic glucose output in the rat. Diabetologia 2008; 51: 2309-2317
Chintoh AF, Mann SW, Lam TK, Giacca A and Remington G. Insulin resistance
following continuous, chronic olanzapine treatment: an animal model. Schizophr
Res 2008; 104: 23-30

Chintoh AF, Mann SW, Lam L, Lam C, Cohn TA, Fletcher PJ, Nobrega JN, Giacca A
and Remington G. Insulin resistance and decreased glucose-stimulated insulin
secretion after acute olanzapine administration. J Clin Psychopharmacol 2008; 28:
494-499

Chintoh AF, Mann SW, Lam L, Giacca A, Fletcher P, Nobrega | and Remington G.
Insulin resistance and secretion in vivo: effects of different antipsychotics in an
animal model. Schizophr Res 2009; 108: 127-133

Houseknecht KL, Robertson AS, Zavadoski W, Gibbs EM, Johnson DE and Rollema
H. Acute effects of atypical antipsychotics on whole-body insulin resistance in rats:
implications for adverse metabolic effects. Neuropsychopharmacology 2007; 32:
289-297

Dwyer DS, Pinkofsky HB, Liu Y and Bradley R]. Antipsychotic drugs affect
glucose uptake and the expression of glucose transporters in PC12 cells. Prog
Neuropsychopharmacol Biol Psychiatry 1999; 23: 69-80

Engl ], Laimer M, Niederwanger A, Kranebitter M, Starzinger M, Pedrini MT,
Fleischhacker WW, Patsch JR and Ebenbichler CF. Olanzapine impairs glycogen
synthesis and insulin signaling in L6 skeletal muscle cells. Mol Psychiatry 2005;
10:1089-1096

Melkersson K, Khan A, Hilding A and Hulting AL. Different effects of antipsychotic
drugs on insulin release in vitro. Eur Neuropsychopharmacol 2001; 11: 327-332



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

General Introduction

Melkersson K. Clozapine and olanzapine, but not conventional antipsychotics,
increase insulin release in vitro. Eur Neuropsychopharmacol 2004; 14: 115-119
Best L, Yates AP and Reynolds GP. Actions of antipsychotic drugs on pancreatic beta-
cell function: contrasting effects of clozapine and haloperidol. ] Psychopharmacol
2005; 19: 597-601

Cincotta AH, Meier AH and Cincotta JM. Bromocriptine improves glycaemic control
and serum lipid profile in obese Type 2 diabetic subjects: a new approach in the
treatment of diabetes. Expert Opin Investig Drugs 1999; 8: 1683-1707

Kamath V, Jones CN, Yip JC, Varasteh BB, Cincotta AH, Reaven GM and Chen
YD. Effects of a quick-release form of bromocriptine (Ergoset) on fasting and
postprandial plasma glucose, insulin, lipid, and lipoprotein concentrations in
obese nondiabetic hyperinsulinemic women. Diabetes Care 1997; 20: 1697-1701
Pijl H, Ohashi S, Matsuda M, Miyazaki Y, Mahankali A, Kumar V, Pipek R, lozzo P,
Lancaster JL, Cincotta AH and DeFronzo RA. Bromocriptine: a novel approach to
the treatment of type 2 diabetes. Diabetes Care 2000; 23: 1154-1161

Kok P, Roelfsema F, Frolich M, van PJ, Stokkel MP, Meinders AE and Pijl H. Activation
of dopamine D2 receptors simultaneously ameliorates various metabolic features
of obese women. Am ] Physiol Endocrinol Metab 2006; 291: E1038-E1043
Cincotta AH and Meier AH. Bromocriptine (Ergoset) reduces body weight and
improves glucose tolerance in obese subjects. Diabetes Care 1996; 19: 667-670
Cincotta AH, Tozzo E and Scislowski PW. Bromocriptine/SKF38393 treatment
ameliorates obesity and associated metabolic dysfunctions in obese (ob/ob) mice.
Life Sci 1997; 61:951-956

Kuo DY. Co-administration of dopamine D1 and D2 agonists additively decreases
daily food intake, body weight and hypothalamic neuropeptide Y level in rats. J
Biomed Sci 2002; 9: 126-132

Cincotta AH, MacEachern TA and Meier AH. Bromocriptine redirects metabolism
and prevents seasonal onset of obese hyperinsulinemic state in Syrian hamsters.
Am ] Physiol 1993; 264: E285-E293

Liang Y, Lubkin M, Sheng H, Scislowski PW and Cincotta AH. Dopamine agonist
treatment ameliorates hyperglycemia, hyperlipidemia, and the elevated basal
insulin release from islets of ob/ob mice. Biochim Biophys Acta 1998; 1405: 1-13
Scislowski PW, Tozzo E, Zhang Y, Phaneuf S, Prevelige R and Cincotta AH.
Biochemical mechanisms responsible for the attenuation of diabetic and obese
conditions in ob/ob mice treated with dopaminergic agonists. Int | Obes Relat
Metab Disord 1999; 23: 425-431

Bina KG and Cincotta AH. Dopaminergic agonists normalize elevated hypothalamic
neuropeptide Y and corticotropin-releasing hormone, body weight gain, and
hyperglycemia in ob/ob mice. Neuroendocrinology 2000; 71: 68-78

Cincotta AH and Meier AH. Bromocriptine inhibits in vivo free fatty acid oxidation
and hepatic glucose output in seasonally obese hamsters (Mesocricetus auratus).
Metabolism 1995; 44: 1349-1355

Luo S, Meier AH and Cincotta AH. Bromocriptine reduces obesity, glucose
intolerance and extracellular monoamine metabolite levels in the ventromedial
hypothalamus of Syrian hamsters. Neuroendocrinology 1998; 68: 1-10

35



g | Chapter 1

183.

184.

185.

Liang Y, Jetton TL, Lubkin M, Meier AH and Cincotta AH. Bromocriptine/SKF38393
ameliorates islet dysfunction in the diabetic (db/db) mouse. Cell Mol Life Sci 1998;
54:703-711

Jetton TL, Liang Y and Cincotta AH. Systemic treatment with sympatholytic
dopamine agonists improves aberrant beta-cell hyperplasia and GLUTZ,
glucokinase, and insulin immunoreactive levels in ob/ob mice. Metabolism 2001;
50:1377-1384

Luo S, Liang Y and Cincotta AH. Intracerebroventricular administration of
bromocriptine ameliorates the insulin-resistant/glucose-intolerant state in
hamsters. Neuroendocrinology 1999; 69: 160-166



