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ABSTRACT
The aim of this thesis was to further investigate the metabolic roles of adenosine. The endogenous
nucleoside adenosine acts by binding to the four adenosine receptors, A1R, A2AR, A2BR and A3R. The
A1R is the adenosine receptor that has been proposed to be the one most involved in metabolism. Hence,
most of the studies in this thesis focus at the A1R. Genetically modified mice where the A1R has been
deleted (A1R (-/-) mice), drugs acting at the adenosine receptors and adenosine deaminase, which
removes endogenous adenosine, have been used in studies included in this thesis and metabolic actions of
adenosine have mainly been examined in adipose tissue, skeletal muscle and pancreas. Adenosine has
previously been reported to interact with the growth hormone secretagogue receptor 1a (GHSR1a), which
is a receptor with a major role in metabolism. Interactions between adenosine and the GHSR1a and its
endogenous ligand ghrelin have therefore also been investigated by using transfected cells and receptor
binding drugs.
In adipose tissue, the results showed that adenosine is an important antilipolytic factor and the only
adenosine receptor involved in regulating lipolysis is the A1R. The A1R couples to the Gi protein.
However, deletion of the A1R in mice does not lead to compensatory increases in G protein-mediated
antilipolytic actions of nicotinic acid or PGE2. Insulin inhibits lipolysis by another mechanism than
adenosine that involves breakdown of cAMP. Our results show that adenosine and insulin inhibit
lipolysis in an additive, but not synergistic manner. In lipogenesis, endogenous adenosine is not of major
importance, but an adenosine analogue is able to stimulate lipogenesis via the A1R in the presence of
insulin. Furthermore, there were no differences in mRNA expression of genes that have known functions
in aspects of lipid synthesis in adipose tissue of A1R (-/-) versus wild type (A1R (+/+)) mice. In addition,
the deletion of the A1R does not affect body weight in young mice, but older male A1R (-/-) mice have
significantly higher body weight than the A1R (+/+) mice and they die earlier.
Following glucose injection, glucose tolerance was not appreciably altered in the A1R (-/-) mice. Glucose
injection induced sustained increases in plasma insulin and glucagon levels in the A1R (-/-) mice, whereas
A1R (+/+) mice showed the expected transient increase in insulin levels and decrease in glucagon levels.
Hence, the A1R has a role in regulating the pancreatic hormones. Insulin- and contraction-mediated
glucose uptake in skeletal muscle were not significantly different between the A1R (+/+) and A1R (-/-)
mice and therefore, the A1R is not of major importance in regulation of glucose uptake in the skeletal
muscle.
Adenosine was also shown to not be a full or partial agonist at the GHSR1a. Previous contrary results
might be due to endogenous expression of adenosine receptors, presumably A2BRs, in the cell lines that
have been used in these earlier studies. However, this study also showed that the cross-talk between the
GHSR1a and A2BR is limited.
In conclusion, these studies emphasize the metabolic roles of adenosine and the findings may be of
importance when developing drugs for treatment of metabolic diseases such as obesity and diabetes, if the
adenosine receptors are used as drug targets. However, it will not be a useful strategy to use adenosine
related substances when targeting the GHSR1a, e.g. for treatment of metabolic diseases. Adenosine
receptor agonists may be used as drugs for lowering free fatty acid levels and adenosine receptor
antagonists may be of importance for their role in regulating pancreatic release of insulin.

Key words: adenosine, A1 receptor, adipocyte, pancreas, skeletal muscle, GHSR1a, caffeine, metabolism
and knock out mouse.
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Introduction

INTRODUCTION
ADENOSINE
As early as 1929 Drury and Szent-Györgyi reported that the endogenous nucleoside adenosine
could mediate physiological effects associated with the cardiovascular, gastrointestinal and
renal system (Drury and Szent-Györgyi, 1929). Today, it is known that adenosine is a
modulator of many different physiological and pathophysiological functions in the body, for
example in the endocrine, cardiovascular, immune, renal and central nervous system (see Table
1 and reviews Poulsen and Quinn, 1998, Fredholm et al., 2001a, Jacobson and Gao, 2006,
Fredholm, 2007).
The formation and degradation of adenosine is shown schematically in Figure 1. Adenosine is
mainly formed by a breakdown of 5´adenosine phosphates (ATP, ADP and AMP).
Intracellularly, adenosine is generated by degradation of AMP by 5´-nucleotidases (Schubert et
al., 1979) or by hydrolysis of S-adenosyl-homocysteine (Broch and Ueland, 1980).
Extracellularly, adenosine is formed by degradation of ATP by different ecto-nucleotidases
(ecto-nucleoside triphosphate diphosphohydrolases, ecto-nucleotide pyrophosphatase/phosphordiesterases, alkaline phosphatases and ecto-5´nucleotidases) or by degradation of cAMP. cAMP
is converted to AMP by ecto-phosphodiesterase and further to adenosine by ecto-5´
nucleotidase (Zimmermann et al., 1998, Zimmermann, 2000, Latini and Pedata, 2001,
Matsuoka and Ohkubo, 2004). Adenosine formed intracellularly can also reach the extracellular
space via transport from the inside of the cell by equilibrative nucleoside transporters (ENT).
These transporters and concentrative nucleoside transporters (CNT) are also able to transport
adenosine from the extracellular space to the inside of the cell (Williams and Jarvis, 1991,
Anderson et al., 1996, Baldwin et al., 2004).
Adenosine is mainly metabolized by adenosine kinase and adenosine deaminase. Adenosine
kinase is an intracellular enzyme which converts adenosine to AMP. Adenosine kinase has
higher affinity (Km = 0.2 - 2 ȝM) for adenosine than adenosine deaminase (Km = 20 - 100 ȝM).
The kinase is active when the concentration of adenosine is normal, i.e. under normal
physiological conditions. Adenosine deaminase, present both extra- and intracellularly, converts
adenosine to inosine and is most active when the concentration of adenosine is high (Arch and
Newsholme, 1978, Lloyd and Fredholm, 1995). Adenosine can also be converted to Sadenosyl-homocysteine by S-adenosyl-homocysteine hydrolase (Schrader et al., 1981).
The exact concentration of adenosine in a given biological compartment at any physiological
situation is very difficult to measure since the half-time of adenosine in blood is approximately
one second (Möser et al., 1989), but the concentration of adenosine has been estimated to be in
a range of 0.01-1 ȝM (Arch and Newsholme, 1978, Sollevi, 1986, Lönnroth et al., 1989, van
Wylen et al., 1990, Fredholm et al., 2001a). Up to hundred fold increases in adenosine
concentration have been observed under conditions of increased oxygen demand for example
during increased muscle activity or decreased oxygen supply, e.g. during hypoxia or ischemia
(Hagberg et al., 1987, Dux et al., 1990).
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Figure 1. Schematic diagram showing formation and degradation of adenosine. AMP, adenosine 5´monophosphate; ADP, adenosine 5´-diphosphate; ATP, adenosine 5´-triphosphate; cAMP, cyclic
adenosine 3´, 5´- monophosphate; ENT, equilibrative nucleoside transporter; CNT, concentrative
nucleoside transporter.

ADENOSINE RECEPTORS
In 1978, Burnstock divided purinergic receptors into two classes, P1 and P2 receptors depending
on their preference for adenosine and adenine nucleotides (ATP or ADP) respectively
(Burnstock, 1978). Already earlier the term adenosine receptor was used and this is the name
preferred today (see Fredholm et al., 1994, 2001a). Two subtypes of adenosine receptors, A1
and A2, were identified in 1979/80. These subtypes of adenosine receptors had different
pharmacological properties; for example A1 receptors (A1Rs) inhibited adenylyl cyclase
whereas A2 receptors (A2R) stimulated the enzyme (van Calker et al., 1979, Londos et al.,
1980). The A2 receptors were further divided into A2AR and A2BR subtypes (Bruns et al., 1986).
The A1R and the A2AR were serendipitously cloned from a canine thyroid library in 1989
(Libert et al., 1989, 1991, Maenhaut et al., 1990). The A2BR was cloned in 1992 (Stehle et al.,
1992) and the A3R was first cloned as an orphan receptor (Meyerhof et al., 1991) and later
defined as the A3R (Zhou et al., 1992). Today, four pharmacologically well-characterized
adenosine receptors subtypes are known to exist – the A1R, A2AR, A2BR and A3R – and the
receptor genes have now been cloned from various species, such as human, dog, guinea pig and
mouse (Fredholm et al., 2000, 2001a, Fredholm, 2007). An overall homology in the different
species has been observed; the A3R gene is the adenosine receptor gene that varies most
between species (Fredholm et al., 2000).
All the adenosine receptors are members of the rhodopsin-like family of G protein-coupled
receptors and consist of seven transmembrane domains each of which has an alpha helical
structure. The extracellular structure comprises the N-terminus and three extracellular loops
whereas the intracellular domain comprises the C-terminus and three intracellular loops. It is
believed that the binding site for agonists is located between the transmembrane loops
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(Fredholm et al., 1994, 2001a). The receptors couple to different G-proteins, are expressed in
various kinds of organs and mediate many different functions, as summarized in Table 1
(Fredholm et al., 2001a, Fredholm, 2007). In this thesis, the focus will be mainly on the A1R
and to some degree on the A2BR.
Table 1. Expression, G protein-coupling and major functions of adenosine receptors are summarized.
A2AR
A2BR
A3R
A1R
High levels:
High levels:
High levels:
Expression High levels:

G protein
Tissue
functions
(examples)

brain (hippocampus,
cortex, cerebellum),
dorsal horn of spinal
cord, eye, adrenal
gland and atria.
Intermediate levels:
other brain regions,
skeletal muscle,
liver, kidney, adipose
tissue, salivary
glands, esophagus,
colon, antrum and
testis.
Low levels:
lung (but probably
higher in bronchi)
and pancreas.
Gi1/2/3 and Go
Bradycardia, inhibition of lipolysis, reduced glomerular filtration, tuberoglomerular feedback, antinociception, reduction of sympathetic
and parasympathetic
activity, presynaptic
inhibition, neuronal
hyperpolarization and
ischemic preconditioning.

spleen, thymus,
leukocytes, blood
platelets, striatopallidal GABAergic
neurons and olfactory
bulb.
Intermediate levels:
heart, lung and blood
vessels.
Low levels:
other brain regions.

cecum, colon and
bladder.
Intermediate levels:
lung, blood vessels,
median eminence,
eye and mast cells.
Low levels:
adipose tissue,
adrenal gland, brain,
kidney, liver, ovary
and pituitary gland.

testis (rat) and mast
cells (rat).
Intermediate levels:
cerebellum (human?),
hippocampus
(human?), lung,
spleen (sheep) and
pineal.
Low levels:
thyroid, most of
brain, adrenal gland,
spleen (human), liver,
kidney, heart,
intestine and testis
(human).

Gs, Golf and G15/16
Regulation of sensorimotor integration
in basal ganglia, inhibition of platelet
aggregation and
polymorphonuclear
leukocytes, vasodilatation, protection
against ischemic
damage and stimulation of sensory nerve
activity.

Gs and Gq/11
Relaxation of smooth
muscle in vasculature
and intestine,
inhibition of
monocyte and macrophage function and
stimulation of mast
cell mediator release
(some species).

Gi2/3 and Gq/11
Enhancement of
mediator release from
mast cells (some
species) and
preconditioning
(some species).

The table is slightly modified from Fredholm et al. 2001 and Fredholm 2007.

Adenosine A1 receptor
The A1R is coupled to the inhibitory Gi1, Gi2, Gi3 and Go proteins (Munshi et al., 1991, Jockers
et al., 1994) and stimulation of the receptor can therefore result in inhibition of adenylyl cyclase
(van Calker et al., 1979, Londos et al., 1980), activation of several types of K+ channels
(Belardinelli and Isenberg, 1983, Trussell and Jackson, 1985), inactivation of N-, P- and Q-type
Ca2+ channels (probably via ȕȖ-subunits) (Dolphin et al., 1986, Scholz and Miller, 1991, Mogul
et al., 1993) and activation of phospholipase Cȕ (Gerwins and Fredholm, 1992).
Previous studies, where pharmacological tools have been utilized for the evaluation of
metabolic roles of adenosine, have proposed that the A1R is the adenosine receptor most
involved in metabolism (see for example Schwabe et al. 1974, Crist et al. 1998, Xu et al. 1998,
Dong et al. 2001). Metabolic effects of adenosine are also discussed below. Expression and
function of the A1R are briefly summarized in Table 1 and also described in more details in the
next section – Adenosine A1R knock out mice.
3
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Adenosine A1R knock out mice
Adenosine A1R knock out (-/-) mice have a relatively normal development (Johansson et al.,
2001). They are less fertile, which can be due to reduced sperm capacitation in the A1R (-/-)
mice (Minelli et al., 2004). Body temperature in A1R (-/-) mice is normal or somewhat higher
than in wild type (A1R (+/+)) mice, and the reduction of the temperature elicited by treatment
with an adenosine analogue is less pronounced in these mice than in A1R (+/+) mice (Johansson
et al., 2001, Yang et al., 2007). Further, it has also been shown that an adenosine analogue can
induce analgesic effects in A1R (+/+) mice but not in the A1R (-/-) mice and this is probably due
to effects mediated by A1Rs present in the spinal cord (Geiger et al., 1984, Fastbom et al., 1990,
Johansson et al., 2001). The A1R (-/-) mice have also increased pain sensitivity and neuronal
sensitivity to hypoxia compared with A1R (+/+) mice (Johansson et al., 2001, Wu et al., 2005).
Behavioral studies have shown that the A1R (-/-) mice are more anxious and aggressive and
have reduced muscle strength compared with A1R (+/+) controls, but they have a normal
memory function (Johansson et al., 2001, Giménez-Llort et al., 2002). The locomotor activity is
fairly similar in A1R (-/-) and A1R (+/+) mice, even though somewhat decreased activity has
been observed in the A1R (-/-) mice during some phases of the light-dark cycle (Johansson et
al., 2001, Giménez-Llort et al., 2002). A recently published report also suggested higher
locomotor activity in female A1R (-/-) mice than in A1R (+/+) mice (Yang et al., 2007).
Adenosine also promotes sleep, through an action that might involve the A1R, even though
studies in the A1R (-/-) mice showed that the A1R is not involved in homeostatic regulation of
sleep (Benington et al., 1995, Stenberg et al., 2003, Elmenhorst et al., 2007).
The A1R is also involved in synaptic transmission, which has been verified by electrophysiological recordings showing that adenosine-mediated inhibition of glutamatergic synaptic
transmission is lost in hippocampal slices from A1R (-/-) mice (Johansson et al., 2001). The
A1R (-/-) mice also sustained more severe damage than A1R (+/+) mice in a study where status
epilepticus was induced, which show that the A1R has neuroprotective properties (Fedele et al.,
2006). In addition, in another study with a small number of mice, overall survival was reported
to be decreased in A1R (-/-) mice (Giménez-Llort et al., 2002). Additional studies on A1R (-/-)
mice have also shown that the A1R is important in cardioprotection (Schulte et al., 2004,
Lankford et al., 2006). Heart rate, blood pressure, sodium and fluid excretion and renin levels
are also higher in A1R (-/-) mice than in A1R (+/+) mice and tubuloglomerular feedback is
completely eliminated in the A1R (-/-) mice (Brown et al., 2001, 2006, Yang et al., 2007).

Adenosine A2A receptor
The A2AR is mainly coupled to stimulatory G proteins (Gs and Golf) (Olah, 1997, Kull et al.,
2000) but can also couple to G15/16 (Offermanns and Simon, 1995) and is present in the central
nervous system as well as in peripheral organs (Table 1). It has been shown that A2AR
antagonists can be of therapeutic value for the treatment of Parkinson’s disease (Svenningsson
et al., 1999, Schwarzschild et al., 2006). A2ARs are also involved in sleep regulation, and it has
been shown by using A2AR knock out mice that the A2AR is important for caffeine’s ability to
induce wakefulness (Huang et al., 2005). A2AR agonists can also function as vasodilators and
4
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clinical studies on A2A agonists as short-lived vasodilators for coronary imaging are in progress
(Hendel et al., 2005, Jacobson and Gao, 2006). Other main functions of the A2AR are for
example its involvement in blood pressure, ischemic damage, platelet aggregation,
inflammation and pain (Ledent et al., 1997, Ohta and Sitkovsky, 2001, Jacobson and Gao,
2006, Fredholm, 2007).

Adenosine A2B receptor
The A2BR couples to the Gs and Gq/11 proteins (Pierce et al., 1992, Yakel et al., 1993, Gao et al.,
1999, Linden et al., 1999). Until recently, lack of specific A2BR binding drugs and A2BR knock
out mice limited the information about this receptor. Today, however, more specific A2BR
binding drugs are available and A2BR knock out mice have recently been generated, and reliable
information about the A2BR is starting to appear in the literature. It has, for instance, been
shown that the A2BR has cardioprotective properties and is involved in vasodilation (Eckle et
al., 2007) and inflammation (Yang et al., 2006, Hua et al., 2007). In the inflammation process,
the A2BR has a role as a modulator of inflammatory cytokines, adhesion molecules, leukocyte
adhesion and mast cell activation (Yang et al., 2006, Hua et al., 2007). Moreover, adenosine is
a bronchoconstrictor in asthmatic airways and an antagonist such as enprofylline can be used in
treatment of asthma. The beneficial effects of enprofylline have been related to a blockade of
A2BR-mediated effects in the lungs (Linden et al., 1999, Fredholm and Persson, 1982, Holgate,
2005). In addition, the A2BR may also have a role in metabolic diseases such as diabetes. The
A2BR has been reported to stimulate glucose production in the liver (Harada et al., 2001,
Yasuda et al., 2003), be involved in insulin release in pancreas (Rüsing et al., 2006) and a
recent publication proposed protective effects of the A2BR in type 1 diabetes (Németh et al.,
2007).

Adenosine A3 receptor
The A3R is mainly coupled to the Gi2, Gi3 and Gq/11 proteins (Palmer et al., 1995).
Characterization of the A3R has been hampered by the fact that, as with the A2BR, it has been
difficult to create high affinity drugs with specificity for the rodent A3R, and information has
relied on genetically modified mice. Protective cardiovascular effects of adenosine can be
mediated via the A3R (Parsons et al., 2000); the A3R is also involved in immune function and is
particularly important in regulating mast cell function (Salvatore et al., 2000, Wu et al., 2002).
Functions in the central nervous system such as nociception, locomotion, behavior depression
and neuroprotection also involve the A3R (Fedorova et al., 2003). In addition, the A3R has been
suggested as new drug target in development of new drugs against cancer (Jacobson and Gao,
2006).
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ADENOSINE RECEPTOR AGONISTS AND ANTAGONISTS
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Figure 2. Chemical structures of adenosine, 2-CADO, CPA, CCPA, NECA, DPCPX and caffeine. 2CADO, 2-chloroadenosine; CPA, N6-cyclopentyladenosine; CCPA, 2-chloro-N6-cyclopentyladenosine;
NECA, 5´-N-ethylcarboxamidoadenosine; DPCPX, 1,3-dipropyl-8-cyclopentylxanthine.

Adenosine has been used as an agonist in many previous studies, but its short half-time (Möser
et al., 1989) makes it tricky to use, and more stable as well as specific agonists have been
synthesized. These agonists are almost always derivatives of adenosine, for example 2-CADO
and NECA. NECA was first considered to be a selective agonist for A2 receptors, but later it
was found that NECA binds to all adenosine receptors (Bruns et al., 1986, Klotz et al., 1998).
CCPA and CPA are selective agonists for the A1R (Klotz et al., 1998). Agonists discussed in
this paragraph have been used in studies in this thesis. Their chemical structures are shown in
Figure 2.
The first adenosine receptor antagonists obtained were the naturally occurring xanthines,
caffeine and theophylline (Kakiuchi et al., 1969, Sattin and Rall, 1970), which have little or no
selectivity for the different adenosine receptors (except that they do not antagonize A3Rs
appreciably). However, the xanthine backbone has been modified to yield more specific
antagonists, and non-xanthine antagonists have also been synthesized (Ongini and Fredholm,
1996, Klotz, 2000). DPCPX, an antagonist used in the studies in this thesis and shown in Figure
2, is a xanthine derivative with a rather high selectivity for the A1R, but it can also bind to A2
receptors (Fredholm et al., 2001a). DPCPX binds at least 30-fold better to the A1R than to the
A2AR, but binding potency to the A2BR is only 10-fold lower than to the A1R (Klotz et al., 1998,
Fredholm et al., 2001a). However, the A2BR binding seem to be of minor importance: binding
studies in A1R (-/-) mice show very little DPCPX binding, although this result may also be due
to the low abundance of the A2BR (Johansson et al., 2001).

Caffeine (1,3,7-trimethylxanthine)
Coffee was introduced in Europe in the 17th century and is today widely consumed all over the
world. Coffee, tea, soft drinks and chocolate all contain caffeine. The consumption of caffeine
in Sweden is approximately 400 mg per person per day (Fredholm et al., 1999, 2007). Caffeine
concentration in plasma after consuming one cup of coffee is in the range 5-10 ȝM. At this
6
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concentration, caffeine is an antagonist at the A1R (Kd = 20 ȝM, rat and 12 ȝM, human), A2AR
(Kd = 8.1 ȝM, rat and 2.4 ȝM, human) and A2BR (Kd = 17 ȝM, rat and 13 ȝM, human), but not
at the A3R since the potency of caffeine for A3R is too low (Kd = 190 ȝM, rat and 80 ȝM,
human) (Fredholm et al., 1999). However, caffeine is antagonist and can only exert effects at
activated adenosine receptors. Hence, the endogenous adenosine has to act at the receptor
before it can be blocked by caffeine. Where the receptors are abundant, normal levels of
adenosine are sufficient to activate A1Rs, A2ARs and A3Rs. Thus, of the four adenosine
receptors, only the A1R, A2AR and to a lesser extent the A2BR, are likely to be targets for
caffeine consumed in normal doses (Fredholm et al., 1999, 2001b, 2007, Schulte and Fredholm,
2000). Caffeine can also, at concentrations so high as to be toxic to humans, inhibit
phosphodiesterases (Butcher and Sutherland, 1962) and stimulate release of calcium from
intracellular pools (McPherson et al., 1991). Caffeine affects several biological functions in our
body, for example alertness, locomotion, sleep, cardiovascular, renal and metabolic
mechanisms (Fredholm et al., 1999, 2007). Coffee consumption has been used to treat asthma
and has been associated with protection against different diseases, for example Parkinson’s
disease and type 2 diabetes (Fredholm et al., 1999, 2007). It has been shown that coffee
consumption decreases the risk of developing Parkinson’s disease, at least for men (Ascherio
and Chen, 2003). Many epidemiological studies have also shown that the risk of developing
type 2 diabetes is inversely associated with coffee consumption (van Dam and Feskens, 2002,
Isogawa et al., 2003, Agardh et al., 2004, Carlsson et al., 2004, Rosengren et al., 2004, SalazarMartinez et al., 2004, Tuomilehto et al., 2004, Yamaji et al., 2004, van Dam and Hu, 2005, van
Dam et al., 2006). This relationship is dose-dependent and a meta-analysis showed that the risk
of developing type 2 diabetes decreased with 35% if daily coffee intake was between 6 and 7
coffee cups and with 28% if 4 to 6 cups per day were consumed compared with drinking 0 to 2
cups per day (van Dam and Hu, 2005).

METABOLIC ROLES OF ADENOSINE

Brain
GI tract

adenosine

Liver

Pancreas
Fat
cells

Skeletal
muscle

Figure 3. A picture showing adenosine’s putative role in metabolism. Black arrows lead to organs
studied in this thesis and gray arrows lead to organs that will not be of focus in this thesis. (The GI tract –
adenosine interaction concerns the investigation of the relationship between adenosine and ghrelin).

Adenosine definitively plays a role in metabolism, probably via a multitude of sites (Figure 3),
as has also been reported in many publications. However, the precise roles of adenosine and
specific receptors in metabolism are still somewhat unclear. It is reasonable to believe that
7
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adenosine mediated metabolic effects can be of major or minor importance in metabolic organs
such as the adipose tissue, skeletal muscle, pancreas, liver and brain. In this thesis, adipose
tissue, skeletal muscle and pancreas are organs that mainly will be discussed.
However, it has been shown that all adenosine receptors are expressed in the liver and that
expression of the A2AR, A2BR and A3R is altered in rats with streptozotocin-induced diabetes,
which may link these receptors to diabetes (Grden et al., 2007). Adenosine has been reported to
stimulate glucogenolysis and gluconeogenesis via the A1R, and the A2AR and A2BR are also
probably involved in the hepatic glucose production (Buxton et al., 1987, Harada et al., 2001,
González-Benítez et al., 2002, Yasuda et al., 2003). Furthermore, metabolism-related effects
that are mediated via the adenosine receptors in the brain include locomotion, sleep,
temperature regulation and sympathetic activity (Poulsen and Quinn, 1998, Fredholm et al.,
2001a, 2005a, Jacobson and Gao, 2006). The A1R can be involved in all these mechanisms (see
above, the section on A1 receptors), which can also be linked to metabolism and body weight
regulation (Corry and Tuck, 1999, Hu et al., 2003, Gangwisch et al., 2005, Hill and Wyatt,
2005, Landsberg, 2006, Pearson, 2006).
Moreover, adenosine has also been reported to interact with the growth hormone secretagogue
receptor 1a (GHSR1a) (Howard et al., 1996, Smith et al., 2000, Tullin et al., 2000, Carreira et
al., 2004), which is a receptor with a major role in metabolism (e.g. Korbonits et al., 2004,
Ghigo et al., 2005, Leite-Moreira and Soares, 2007). Its endogenous ligand ghrelin is secreted
from cells in the stomach (Kojima et al., 1999, Date et al., 2000, Dornonville de la Cour et al.,
2001). This interaction will also be investigated in one set of studies in this thesis.

ADENOSINE IN ADIPOSE TISSUE
Adipose tissue can store excess energy in the form of triglycerides (Hillgartner et al., 1995,
Kersten, 2001, Large et al., 2004, Bergen and Mersmann, 2005). Fatty acids are obtained from
diet or can be synthesized from carbohydrates (lipogenesis) (Hillgartner et al., 1995, Kersten,
2001, Large et al., 2004, Bergen and Mersmann, 2005). Triglycerides can be hydrolyzed to
fatty acids and glycerol when energy is required (lipolysis) (Arner, 2005, Carmen and Víctor,
2006, Langin, 2006, Arner and Langin, 2007). Besides their function in energy metabolism,
free fatty acids are also important for synthesis of phospholipids and various lipoproteins
(Hillgartner et al., 1995, Large et al., 2004, Bergen and Mersmann, 2005). In this thesis,
adenosine-mediated effects mainly on lipolysis but also on lipogenesis have been studied.

Lipolysis
Lipolysis is process where triglycerides are hydrolyzed step by step to free fatty acids and
glycerol, see Figure 4. The hormone sensitive lipase (HSL) is a rate-limiting enzyme in
lipolysis. It is phosphorylated by protein kinase A (PKA) and is then able to translocate from
the cytosol to the lipid droplet, where lipolysis occurs. In the lipid droplet, HSL converts
triglycerides and diglycerides into monoglycerides and free fatty acids. Monoglycerides are
then broken down further to glycerol and free fatty acids by monoglyceride lipase (Arner, 2005,
8
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Carmen and Víctor, 2006, Langin, 2006, Arner and Langin, 2007). In addition, the surface of
the lipid droplet carries proteins called perilipins. Phosphorylation of the perilipins by PKA is
important in lipolysis because it allows HSL access to the lipid droplet (Blanchette-Mackie et
al., 1995, Londos et al., 1999, Moore et al., 2005). Translocation and hydrolytic activity of
HSL are also facilitated by adipocyte lipid binding proteins (ALBP) (Shen et al., 1999, 2001).
PKA is activated by cAMP and therefore, regulation of cAMP is critically important in the
regulation of lipolysis.
A large number of substances can regulate cAMP levels and thereby lipolysis. Stimulation of
receptors coupled to stimulatory Gs proteins activate adenylyl cyclase and thereby increase
cAMP levels and lipolysis, whereas stimulation of inhibitory Gi protein-coupled receptors leads
to inhibition of adenylyl cyclase and decreased cAMP levels and lipolysis (Carmen and Víctor,
2006, Arner and Langin, 2007). Catecholamines (noradrenaline and adrenaline) act on ȕ1-, ȕ2-,
and ȕ3-adrenoceptors and stimulate lipolysis (Tavernier et al., 1996, Arner, 2005). (The ȕ3adrenoceptor is the predominant rodent receptor and only expressed in very small numbers in
human adipocytes (Tavernier et al., 1996, Arner, 2005)). Catecholamines also act on Į2adenoceptors in some species for example in humans and thereby inhibit lipolysis (Castan et al.,
1994, Lafontan and Berlan, 1995). Other substances that inhibit lipolysis by acting on different
Gi protein-coupled receptors include adenosine (Schwabe et al., 1974, Fredholm and Sollevi,
1977, Fredholm, 1978, Ohisalo, 1981, Sollevi and Fredholm, 1981, Castan et al., 1994,
Heseltine et al., 1995 Xu et al., 1998, Schoelch et al., 2004, Fatholahi et al., 2006),
prostaglandin E2 (PGE2) (Coleman et al., 1994) and nicotinic acid (Carlson, 2005).
Pharmacological studies have suggested that the antilipolytic effect of adenosine is mediated
via the A1R (Xu et al., 1998, Schoelch et al., 2004, Fatholahi et al., 2006) in different species
such as rat (Schwabe et al., 1974, Fredholm, 1978, Schoelch et al., 2004), dog (Fredholm and
Sollevi, 1977, Sollevi and Fredholm, 1981), hamster (Castan et al., 1994) and human (Ohisalo,
1981, Heseltine et al., 1995). The antilipolytic effect of adenosine thus seems to be a relatively
constant feature in mammalian adipose tissue (Castan et al., 1994), although the level of
receptor expression may vary (Lohse et al., 1987, Kaartinen et al., 1991, Larrouy et al., 1991).
In addition, it has also been shown that basal levels of endogenous adenosine are sufficent to
cause inhibition of lipolysis (Lönnroth et al., 1989).
Another important antilipolytic factor is insulin (Arner, 2005, Carmen and Víctor, 2006,
Langin, 2006, Arner and Langin, 2007). Insulin binds to the insulin receptor on the cell surface
and initiates a signaling cascade involving activation of insulin receptor substrates (IRS) and
phosphatidyl inositol kinase 3 (PI3K) leading to activation of phosphodiesterase 3B (PDE3B).
PDE3B is an enzyme that decreases cAMP levels by hydrolyzing cAMP to 5´AMP and thereby
inhibits lipolysis (Elks and Manganiello, 1985, Lönnroth and Smith, 1986, Shakur et al., 2001
Large et al., 2004). There are also other factors than those alluded to above that can influence
regulation of lipolysis, for example natriuretic peptides, adipose triglyceride lipase, tumor
necrosis factor (TNFĮ) and neuropeptide Y (see reviews, Arner, 2005, Carmen and Victor,
2006, Langin, 2006, Arner and Langin, 2007).
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Figure 4. Some of the pathways regulating lipolysis in the adipocyte. Gi, inhibitory G protein; Gs,
stimulatory G protein; PGE2, prostaglandin E2, ATP, adenosine 5´-triphosphate; cAMP, cyclic adenosine
3´, 5´- monophosphate; PDE3B, phosphodiesterase 3B; 5´AMP, adenosine monophosphate; PKB, protein
kinase B, PI3K, phosphatidyl inositol kinase 3; IRS, insulin receptor substrate; PKA, protein kinase A;
HSL, hormone sensitive lipase; ALBP, adipocyte lipid binding proteins; TG, triglycerides; DG,
diglycerides; MG, monoglycerides; MGL, monoglyceride lipase; FFA, free fatty acids. Dotted arrows
indicate stimulation and dashed arrow indicates inhibition. All other arrows indicate metabolic reactions.

Lipogenesis
Lipogenesis occurs mainly in the liver and adipose tissue in most species, and glucose is the
major substrate for lipogenesis (Large et al., 2004, Bergen and Mersmann, 2005). Glucose is
first transported into the cell by glucose transporters. Although there are several different kinds
of glucose transporters, GLUT-4 is the major insulin-stimulated glucose transporter in the
adipocyte (Ducluzeau et al., 2002, Scheepers et al., 2004). Glucose is converted to pyruvate
(glycolysis), which is subsequently transported to the mitochondria. Acetyl-CoA, formed from
pyruvate, enters the citric acid cycle and reacts with oxaloacetate to form citrate in a reaction
catalyzed by citrate synthase. Citrate is then transported to the cytosol, where it is converted
back to acetyl-CoA. Malonyl-CoA is synthesized from acetyl-CoA by the ATP-dependent
enzyme, acetyl-CoA carboxylase. Malonyl-CoA and acetyl-CoA are used as substrates for
forming fatty acids (palmitic acid). This reaction is catalyzed by fatty acid synthase (FAS). FAS
is a key enzyme in lipogenesis and needs NADPH to catalyze the reaction. NADPH can be
obtained through the malic enzyme and the pentose phosphate shunt. Fatty acids are used as a
substrate for further synthesis of triglycerides, lipoproteins and phospholipids (Hillgartner et al.,
1995, Kersten, 2001, Large et al., 2004, Bergen and Mersmann, 2005).
Lipogenesis studies, where incorporation of glucose into lipids is measured, can also be used as
an indirect measure of glucose transport (Arner and Engfeldt, 1987). Adenosine has been
shown in previous studies to stimulate glucose uptake in adipose tissue in different species
(Schwabe et al., 1974, Taylor and Halperin, 1979, Joost and Steinfelder, 1982, Smith et al.,
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1984, Joost et al., 1986, Martin and Bockman, 1986, Kuroda et al., 1987, Steinfelder and
Pethö-Schramm, 1990, Heseltine et al., 1995, Akiba et al., 2004).
Adenosine mediates also other effects in adipose tissue, for example stimulating the release of
leptin (Cheng et al., 2000b, Rice et al., 2000).

ADENOSINE IN SKELETAL MUSCLE
Glucose transport
In the skeletal muscle, glucose is oxidized to produce energy or stored as glucogen. The
transport of glucose over the cell membrane into the muscle cell is a complex rate-limiting step
in glucose metabolism and is not yet completely understood. Adenosine has also been proposed
to be involved in the regulation of glucose transport in the skeletal muscle, just as in the adipose
tissue. Insulin and muscle contractions stimulate glucose transport by different mechanisms.
However, both mechanisms involve stimulation of GLUT-4 translocation from intracellular
compartments to the cell membrane where it transports glucose. GLUT-4 is a major glucose
transporter in the skeletal muscle (Koistinen and Zierath, 2002, Jessen and Goodyear, 2005,
Rose and Richter, 2005, Taniguchi et al., 2006, Huang and Czech, 2007).
The role of adenosine in glucose uptake has been studied, but the results are somewhat
inconsistent. Discrepancies between study results might be due to the method chosen,
concentrations of insulin and/or pharmacological agents. Han et al. (1998) have shown in rat
skeletal muscle, that adenosine deaminase (ADA), which converts adenosine to its inactive
metabolite inosine, and DPCPX can decrease both insulin- and contraction-stimulated glucose
transport, probably via a decreased GLUT-4 translocation. This is in agreement with the study
by Cheng et al. (2000a), who showed that CPA increases the glucose uptake in streptozotocininduced diabetic rats, an effect which was blocked by adenosine antagonists. It also agrees with
the study by Vergauwen et al. (1994), although their study recorded DPCPX-mediated
inhibition of the glucose uptake only when the muscles were stimulated by contractions and by
insulin at the same time. Thong et al. (2002) have also shown, during a euglycemichyperinsulinemic clamp, that caffeine impaired the glucose uptake both in rested and exercised
human skeletal muscle. Contradictory results have also been published, for example several
studies from the Newsholme’s group, showing that adenosine impairs and adenosine deaminase
and adenosine antagonists improve insulin sensitivity in skeletal muscles (Espinal et al., 1983,
Budohoski et al., 1984, Leighton et al., 1988, Challiss et al., 1992). A recent study by Thong et
al. (2007) showed that adenosine, via the A1R, affects insulin-mediated glucose uptake in rat
skeletal muscles only in the presence of a submaximal concentration of insulin. Basal and
maximally insulin-stimulated glucose transport were not affected (Thong et al., 2007).
Adenosine has also been shown to stimulate glucose uptake in the heart (Law and Raymond,
1988, Wyatt et al., 1989, Angello et al., 1993) as in the adipose tissue, as described above.

11

Stina Johansson

ADENOSINE IN PANCREAS
Insulin, which decreases blood glucose levels, is released from beta cells in the islets of
Langerhans in pancreas (Barg, 2003, Rorsman and Renström, 2003, MacDonald et al., 2005a).
Glucose is the main regulator of insulin release; it enters the beta cell via glucose transporters
(GLUT-2) and is then metabolized to generate ATP. Increased ATP levels cause a closure of
the ATP-sensitive K+ (KATP) channels in the cell membrane. This leads to a depolarization of
the cell membrane and voltage-dependent Ca2+ channels open. The influx of Ca2+ through the
channels stimulates a biphasic release of insulin (Barg, 2003, Rorsman and Renström, 2003,
MacDonald et al., 2005a).
Insulin is stored in dense-core vesicles. The fraction of the vesicles located in the vicinity of the
Ca2+ channels in the plasma membrane (1%) (MacDonald and Rorsman, 2007) are responsible
for the first phase of insulin release; these vesicles undergo exocytosis directly. The remainder
of the vesicles, present in a “reserve pool” situated at a greater distance from the channels, are
responsible for the second phase of insulin release (Barg, 2003, Rorsman and Renström, 2003,
MacDonald et al., 2005a). Glucagon is released from alpha cells in the islets of Langerhans and
stimulates hepatic glucose release when glucose levels in the body are low. The regulation of
the release of glucagon is not as well understood as insulin release. However, glucagon is stored
in vesicles in the alpha cells and is released through exocytosis (Barg, 2003, Gromada et al.,
2007, MacDonald et al., 2007, Vieira et al., 2007).
It has been shown that adenosine and analogues can inhibit insulin release (Ismail et al., 1977,
Campbell and Taylor, 1982, Hillaire-Buys et al., 1987, 1989, 1994, Bertrand et al., 1989,
Rüsing et al., 2006). The A1R has been proposed to be the adenosine receptor involved in this
inhibition of release (Hillaire-Buys et al., 1987, 1989). However, a recent study has shown that
other adenosine receptors also might be involved in insulin secretion, since agonists of A1R,
A2AR as well as A3R reduced glucose-stimulated insulin release and antagonists of the A2BR
were able to counteract the inhibitory effect of an unselective adenosine agonist on insulin
release (Rüsing et al., 2006). The mechanism behind these findings is at the present time
unknown (Rüsing et al., 2006). It has also been shown that adenosine is able to stimulate
glucagon release (Petrack et al., 1981, Chapal et al., 1984) and this effect has been proposed to
be mediated via A2 receptors (although it is unknown whether A2AR or A2BR is mainly
responsible) (Chapal et al., 1985).

GROWTH HORMONE SECRETAGOGUE RECEPTOR 1A (GHSR1A)
Ghrelin is a 28 amino acid peptide mainly synthesized in endocrine cells of the stomach
(Kojima et al., 1999, Date et al., 2000, Dornonville de la Cour et al., 2001). Ghrelin was
discovered in 1999 as a natural ligand of the growth hormone secretagogue receptor 1a
(GHSR1a) (Howard et al., 1996, Kojima et al., 1999). GHSR1a is G protein-coupled receptor
normally signaling via the GĮq/11 pathway (Howard et al., 1996, Muccioli et al., 2007). The
GHSR1a is mainly expressed in hypothalamus and pituitary gland but can also be found in
other organs (Howard et al., 1996, Guan et al., 1997, Leite-Moreira and Soares, 2007). It has
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been proposed that the GHSR1a has roles in the immune, gastrointestinal, cardiovascular and
pulmonary systems, as well as in growth hormone release, appetite and body weight regulation,
metabolism, reproduction and cell and bone proliferation (see reviews Korbonits et al., 2004,
Ghigo et al., 2005, Leite-Moreira and Soares, 2007).
Regarding appetite and body weight, it has been shown that ghrelin stimulates food intake and
that weight gain and obesity are associated with low ghrelin levels and weight loss with high
ghrelin levels (Tschöp et al., 2000, Wren et al., 2000, Cummings et al., 2001, Nakazato et al.,
2001, Cummings and Shannon, 2003, Cummings, 2006, Leite-Moreira and Soares, 2007).
Although its role in insulin secretion is still debated (Salehi et al., 2004, Sun et al., 2007), it
appears clear that ghrelin plays a role in glucose homeostasis and lipid metabolism. For
instance, in adipocytes, ghrelin is able to inhibit lipolysis and stimulate glucose uptake
(Muccioli et al., 2004, Patel et al., 2006). Furthermore, it has been suggested that adenosine is a
partial or a full agonist at the GHSR1a (Smith et al., 2000, Tullin et al., 2000, Carreira et al.,
2004).

13

Stina Johansson

AIMS
The general aim of my studies was to investigate some of the potential metabolic roles of
adenosine. Based on facts and considerations described in the introduction, the following,
specific aims were set up for this thesis:
1. To study the importance of the adenosine A1 receptor in lipolysis using fat cells from
A1R (-/-) mice.
2. To study whether compensatory changes of antilipolytic effects mediated by other G
protein-coupled receptors occur in absence of the A1R.
3. To study interactions between adenosine and insulin on lipolysis.
4. To compare gene expression in adipose tissue of A1R (-/-) and A1R (+/+) mice.
5. To study whether deletion of the A1R in mice alters body weight and survival.
6. To study the role of the A1R and its interactions with insulin in lipogenesis.
7. To study if adenosine acting at A1R influences insulin- and contraction-mediated
glucose uptake in skeletal muscle using A1R (-/-) mice.
8. To study glucose tolerance in A1R (-/-) mice.
9. To study whether adenosine, acting via the A1R, affects insulin and glucagon release
using A1R (-/-) mice.
10. To evaluate whether adenosine is acting as a full or partial agonist at the GHSR1a and
if signaling pathways of the GHSR1a and adenosine receptors interact.
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MATERIAL AND METHODS
Most of the methods used in the studies included in this thesis are considered to be standard
methods. Techniques used for lipolysis studies in mouse adipocytes have been somewhat
modified from protocols used for studies of rat adipocytes by Rodbell (1964) and Fredholm
(1985). The protocol used to study lipogenesis in mouse adipocytes was adapted from the
lipogenesis protocol used for human adipocytes (Arner and Engfeldt, 1987). The methods listed
in Table 2 are described thoroughly in the original papers and will therefore not be repeated
here.
Table 2. General techniques, methods and materials used in the studies in this thesis.
Method
Paper
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

Genetically modified mice
Breeding and genotyping of mice
Isolation of adipocytes
Incubation of adipocytes
Glycerol measurements
RNA preparation
cDNA preparation
Microarray technique
Real-time reverse transcription polymerase chain reaction (RT-PCR)
Protein preparation
Immunoblotting
In vivo glucose challenge
In situ pancreatic perfusion
Muscle stimulation
2-Deoxy-D-[1,2-3H]glucose uptake
Hemoglobin A1c (HbA1c) measurements
Insulin and glucagon measurements
Body weight measurements
Lipogenesis
Analysis of FFA, glycerol, TG and cholesterol levels in plasma
Survival analysis
cAMP accumulation measurements
Cell culture
Transfection of cells
Intracellular calcium concentration ([Ca2+]i) measurements
Membrane preparation
Radioligand binding

I, II, III
I, II, III
I, III
I, III
I, III
I, II, III
I, II, III
I, III
I, II, III
I
I
II
II
II
II
II
II
II, III
III
III
III
III, IV
IV
IV
IV
IV
IV

ADDITIONAL COMMENTS ON MATERIALS AND METHODS
Genetically modified mice
The A1R (+/+), (+/-) and (-/-) mice used in the studies in this thesis were bred at the animal
facility at the Department of Physiology and Pharmacology at Karolinska Institutet. The mice
had free access to food and water and were housed at a constant temperature (22-23oC) and the
lights were regulated in a 12/12 h light-dark cycle. All experimental protocols were approved
by ethical committees.
The genetically modified mice were generated in our laboratory (Johansson et al., 2001).
Briefly, the second protein coding exon of the mouse A1R gene was inactivated by homologous
recombination with a construct consisting of a 5´ and a 3´ homologous segment and a
phosphoglycerokinase-neo cassette that replaced most of the mouse exon segment, in mouse
E14.1 embryonic stem cells orginating from 129/OlaHsd mice. Male chimeric mice were
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generated and mated to C57BL/6 females and A1R (+/-) mice from this 129/OlaHsd/C57BL/6
hybrid offspring were inter-crossed to generate A1R (-/-), (+/-) and (+/+) mice. These mice were
then back-crossed onto C57BL/6 by Jackson Laboratory (Bar Harbor, ME, USA) according to
their general procedures for back-crossing until the mice were determined to be congenic by
140 genomic markers. Southern blot, PCR and real time RT-PCR done for different studies
have verified that the A1R is deleted in the mice and the PCR method has been used for the
regular genotyping of the mice (Johansson et al., 2001, 2007, Turner et al., 2003).
Male mice have more fat cells than female mice of equivalent ages. Therefore, male mice have
been used in all lipolysis and lipogenesis experiments included in this thesis. Another reason for
using male mice in the majority of the studies was to avoid the influence of the estrous cycle.
However, in some experiments mice of both sexes have been used. In these experiments, no
statistically significant differences were found between results from female and male mice and
therefore the results were pooled. In addition, NMRI mice were used in some of the glucose
uptake experiments in order to exclude the possibility that the results obtained depended on the
mouse stain being used.

Transfected cells
The Chinese hamster ovary (CHO) cell line was first described in 1958 and is today one of the
most commonly used cell lines in medical research (Puck et al., 1958). We used a CHO cell
line stably transfected with the A2BR (Klotz et al., 1998), another CHO cell line stably
transfected with a GHSR1a construct from Biovitrum and untransfected CHO cells. In some of
the experiments, these CHO cell lines were transiently transfected with either the A2BR or the
GHSR1a. The untransfected CHO cells did not express any of the adenosine receptors (Klotz et
al., 1998).
Human embryonic kidney 293 (HEK 293) cells were first described in a paper by Graham et al.
(1977) and HEK 293 is also a cell line frequently used in research today. We used HEK 293
cells that constitutively expressed the Epstein-Barr virus nuclear antigen 1 (EBNA1) protein
(HEK 293-EBNA cells). In experiments, these cells were transfected with the GHSR1a EBNA1
plasmid construct PBV1051 (Biovitrum, Sweden) and EBNA1 allowed efficient replication of
this construct (Yates et al., 1985, Black and Vos, 2002). This expression system is easy to use
and generates a sufficient expression level of the protein (Yates et al., 1985, Black and Vos,
2002). In addition, HEK 293 cells not expressing EBNA1 were used in some of the
experiments as a control. It has been shown in previous studies that adenosine receptors, at least
A2BRs, are present in the HEK 293 cells (Cooper et al., 1997, Gao et al., 1999).

Detection of genes and proteins
There are various methods for detecting expression of genes and proteins. In the studies in this
thesis some of the different methods have been used. PCR was used for genotyping of A1R
(+/+), (+/-) and (-/-) mice (Turner et al., 2003). PCR is a very useful method for determining
whether or not a gene in the mouse is deleted. It is a fast, easy method that requires only minute
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amounts of tissue (a very small biopsy is taken from the tail of our new born mice) and does not
necessitate work with radioactive probes, as does the southern blot method (Johansson et al.,
2001).
Microarray cDNA technique is a useful method for comparing gene expression in different
tissues, after different treatments or – as in studies in this thesis – between the A1R (+/+) and
A1R (-/-) mice. The mouse 15K EST Array (double-spotted array) gene chips that were used in
our studies, obtained from the University Health Care Network (UHN) Microarray Centre
(Toronto, Canada), allowed us to analyze the expression of approximately 15 000 genes at the
same time. This gives a possibility to study regulation and interaction mechanisms between
different genes and, in this case, links to the A1R. However, various artifacts introduced by the
microarray technology itself can influence the results and it is therefore necessary to verify
microarray data by using a complementary technology, for example real-time reverse
transcription polymerase chain reaction (RT-PCR) or immunoblotting (Benes and
Muckenthaler, 2003, Dallas et al., 2005). Real-time RT-PCR is currently one of the most
frequently used methods for validating microarray data (Benes and Muckenthaler, 2003, Dallas
et al., 2005). Real-time RT-PCR is a rapid and sensitive method that only requires a very small
amount of material. In our real-time RT-PCR studies, we used mainly pre-designed TaqMan
Gene Expression assays (Applied Biosystems), where each assay consisted of two sequencespecific PCR primers and a TaqMan assay-FAM dye-labeled MGB probe. However, in the
expression analysis of the adenosine receptor genes, well functioning previously designed
primers and probes were used (Chunn et al., 2001). Often, the microarray results correlate well
with the real-time RT-PCR results, but poorer correlations can also be obtained. This is
especially true when the difference between samples is small, as in our study. Both the
microarray and real-time RT-PCR techniques involve many steps (microarray; RNA extraction,
preparation of labeled cDNA, hybridization, scanning and analysis; real-time RT-PCR;
preparation of RNA and cDNA, reaction set up, running of real-time RT-PCR and analysis).
Variability can occur in all these steps and therefore it can be difficult to detect small
differences in expression of a certain gene with any degree of statistical significance with both
techniques.
Furthermore, the level of mRNA does not always correspond to the protein level of a certain
gene (Johansson et al., 1993, Swanson et al., 1995). Therefore, there can be a need to
complement the study by also measuring protein levels. Immunoblotting is an easy method to
use but when using this method it can be problematic to find antibodies that function well and a
great deal of work with optimization protocols is usually required in order to obtain good
results. More tissue is often needed for measuring protein levels than mRNA levels and it can
sometimes be difficult to extract a reasonable amount of material for protein detection from
tissues where the amount of protein is rather low, such as the adipose tissue.
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Lipogenesis and glucose uptake
In the adipocytes, lipogenesis was measured as incorporation of D-[3-3H]-glucose into
extractable lipids. The rate-limiting step in lipogenesis, when using glucose at micromolar
concentration, is the transport of glucose into the cell (Arner and Engfeldt, 1987). Therefore,
our measurements of lipogenesis provided an indirect measurement of glucose transport.
Reasons for using lipogenesis as an indirect method for studying glucose transport in
adipocytes include the facts that this method is easy to use and relatively sensitive, and that it
also requires smaller amounts of tissue than direct methods including the 2-deoxyglucose
method (Arner and Engfeldt, 1987, Tanti et al., 2001, Björnholm et al., 2002). It has also been
shown that results from lipogenesis experiments are comparable with results obtained with the
direct 3-O-methyl glucose method (Arner and Engfeldt, 1987, Nordenström et al., 1989, Arner,
1995).
In the skeletal muscle, the glucose uptake was measured by the 2-deoxyglucose method. 2deoxy-D-[1,2-3H]glucose is transported into the cell and phosphorylated. The 2-deoxy-D-[1,23
H]glucose phosphate is trapped in the cell and provides a measure of glucose uptake (Shashkin
et al., 1995, Tanti et al., 2001). This is an efficient, useful and common method for measuring
glucose uptake in skeletal muscle, where the ratio between cell surface and cell water volume is
much more favorable than is the case for fat cells.

In vitro versus in vivo studies
Studies in isolated adipocytes and in isolated organs such as skeletal muscles and pancreas
(perfused) were performed in studies in this thesis. An advantage of using isolated tissues rather
than performing in vivo studies is that the results are not influenced by factors like blood flow,
nerve signals and substances transported with the blood, but a drawback is that the results may
not exactly mirror the physiological reality in the body (e.g. Fredholm, 1985, Arner, 1995).
Therefore, it is always advantageous if it is possible to combine in vitro and in vivo studies.
Hence, some in vivo experiments were included in this thesis, for instance measurements of
glucose, insulin and glucagon in plasma before and after glucose injection in mice and
measurements of plasma levels of FFA, glycerol, triglycerides and cholesterol in connection
with administration of an A1R agonist.
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RESULTS AND DISCUSSION
GENERAL EFFECTS OF ADENOSINE IN THE A1R (-/-) MOUSE (PAPER I-III)
The A1R (-/-) mice used in these studies developed and bred normally, although fertility was
somewhat decreased in the A1R (-/-) mice, as described in the introduction. The body weight
and the weight of the adipose tissue (epididymal) were similar in young A1R (-/-) and A1R (+/+)
mice, but older (5 months) male A1R (-/-) mice had approximately 7-8.5% higher body weight
than the A1R (+/+) mice. By using dual energy X-ray absorptiometry (DEXA), we found that
this increase in body weight in the A1R (-/-) mice is not only due to increased fat depots in the
A1R (-/-) mice (unpublished data). The reason for this increase is unknown but it might be
related to a large bone mass secondarily to reduced osteoclastic activity (Kara et al., 2006) and
to increased insulin levels, see below. HbA1c levels, reflecting blood glucose status over a
longer period of time, and the basal plasma levels of glucose, insulin and glucagon were not
significantly different between the genotypes (see also below, the section on Pancreas).
More A1R (-/-) than A1R (+/+) mice died, in agreement with a previous study (Giménez-Llort et
al., 2002). The deaths were spontaneous and mice that died did not show any signs of illness
before death. The reason for these deaths is unknown but may be due to A1R mediated effects
in the heart and/or in the brain (see Introduction, the section on Adenosine A1R knock out mice,
and Schulte et al., 2004, Fedele et al., 2006, Lankford et al., 2006, Yang et al., 2007).

ADIPOSE TISSUE (PAPER I AND III)
Lipolysis
The role of adenosine in lipolysis was studied. Previously, it has been shown in various species
that adenosine inhibits lipolysis (Schwabe et al., 1974, Fredholm and Sollevi, 1977, Fredholm,
1978, Ohisalo, 1981, Sollevi and Fredholm, 1981, Castan et al., 1994, Heseltine et al., 1995,
Schoelch et al., 2004). This antilipolytic effect has been proposed to be mediated via the A1R
(Xu et al., 1998, Schoelch et al., 2004, Fatholahi et al., 2006). Very few studies have been done
in mice and the effects of long-lasting blockade of the A1R have not been studied.
The model used for studying lipolysis in isolated mouse adipocytes was modified from
protocols for rat adipocytes (Rodbell, 1964, Fredholm, 1985). Glycerol release after
noradrenaline- (NA) stimulation increased linearly over time and a 60-min incubation period
with NA was used. NA caused a concentration-dependent increase of lipolysis over a range of
1-300 nM. The concentration of NA that was used in subsequent studies was 3-10 nM; within
this concentration range antilipolytic effects of for example 2-CADO and insulin could easily
be studied.
Results from lipolysis experiments showed that:
1. Basal and NA-stimulated lipolysis were altered in A1R (-/-) adipocytes compared with
A1R (+/+) adipocytes. Basal lipolysis was higher in adipocytes from A1R (-/-) mice
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than in adipocytes from A1R (+/+) mice. Adenosine deaminase (ADA) treatment,
which removes endogenous adenosine by converting it to inosine, increased basal and
NA-stimulated lipolysis in A1R (+/+) adipocytes, but not in A1R (-/-) adipocytes.
2. 2-CADO, an ADA-resistant adenosine analogue, inhibited NA- and ADA-stimulated
lipolysis in a concentration-dependent manner in A1R (+/+) adipocytes, but had no
effect in A1R (-/-) adipocytes. The IC50 value of 2-CADO in A1R (+/+) mice was 16.6
nM (confidence interval; 12.6 – 21.9 nM) and shifted to 33.6 nM (25.8 – 44.0 nM) in
A1R (+/-) adipocytes.
3. The A1R antagonist, DPCPX was also able to increase lipolysis in adipocytes from A1R
(+/+) mice.
In conclusion, adenosine is an important endogenous antilipolytic factor in basal and NAstimulated lipolysis. The only adenosine receptor involved in lipolysis is the A1R, since
adenosine removal or addition of an adenosine analogue was without effect in animals lacking
the A1R.
The lipolysis studies also investigated interactions between different antilipolytic mediators in
the adipocyte and the following results were obtained:
1. The Į2-adenoceptor agonists, i.e. 5-bromo-6-[2-imidazolin-2-ylamino]-quinoxaline
(UK 14304) and clonidine, had no antilipolytic effects in the mouse adipocytes,
probably because Į2-adenoceptors are not present in the mouse fat cell. It has been
reported that expression of Į2-adenoceptors varies between species and that there are
few if any receptors in the mouse adipocyte (Castan et al., 1994, Boucher et al., 2002).
2. Nicotinic acid mediates antilipolytic effects via the Gi protein-coupled nicotinic acid
receptor (Gpr109A) called HM74A in human and PUMA-G in mouse (Lorenzen et al.,
2001, Tunaru et al., 2003, Wise et al., 2003, Carlson, 2005). Dose–response curves
showed that the antilipolytic effect of nicotinic acid in A1R (+/+) adipocytes was not
significantly different in A1R (-/-) adipocytes.
3. PGE2 mediates antilipolytic effects via the Gi protein-coupled EP3 receptor (Richelsen
and Beck-Nielsen, 1985, Strong et al., 1992, Coleman et al., 1994). We found no
compensatory increase in the antilipolytic effect of PGE2 in adipocytes lacking the
A1R. Instead, the potency of PGE2 was slightly, although significantly, deceased in the
A1R (-/-) adipocytes compared with in the A1R (+/+) adipocytes. We do not exactly
know why, but it is possible that PGE2 might partly act by releasing adenosine.
4. Insulin inhibits lipolysis by increasing cAMP breakdown (e.g. Carmen and Víctor,
2006). The antilipolytic effects mediated by adenosine and insulin were additive, but
not synergistic. Insulin inhibited lipolysis stimulated with NA in the absence or
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presence of ADA in dose-dependent manner and addition of 2-CADO or DPCPX did
not significantly influence the potency (IC50 value) of insulin in A1R (+/+) adipocytes.
The antilipolytic effect of insulin was also not significantly different in A1R (+/+)
adipocytes versus A1R (-/-) adipocytes.
In conclusion, Į2-adenoceptors are not involved in lipolysis in mouse adipocytes and
compensatory changes of antilipolytic effects mediated by nicotinic acid, PGE2 or insulin did
not occur when the A1R was deleted.

cAMP accumulation
In the cAMP accumulation experiments, a higher concentration of NA had to be used to evoke
sufficient cAMP accumulation in the adipocytes. This is probably due to the fact that the
relationship between glycerol release and cAMP production is non-linear and minute increases
of cAMP are sufficient to cause substantial increases in lipolysis, which has also been shown
previously (Hjemdahl and Fredholm, 1976). 2-CADO inhibited NA- and ADA-stimulated
cAMP accumulation in concentration-dependent manner and the IC50 value of 2-CADO was
1.2 nM (95% confidence interval; 0.72 – 2.0 nM) in adipocytes from A1R (+/+) mice. The 2CADO dose–response curve was shifted to the right in the A1R (+/-) adipocytes. The IC50 value
was 3.1 nM (2.1 – 4.5 nM) in adipocytes from the A1R (+/-) mice. 2-CADO had no effect in
adipocytes from A1R (-/-) mice. These results verified that the A1R is the only adenosine
receptor involved in lipolysis. Furthermore, the cAMP accumulation data also showed that 2CADO and insulin had additive, but not synergistic effects on cAMP accumulation.
Gene expression
Expression of the adenosine receptors in adipose tissue and in the skeletal muscle (EDL and
soleus) was studied by using real time RT-PCR. The deletion of the A1R did not result in
significant altered expression of the other adenosine receptors present in these tissues. By using
microarray cDNA chip technique, it was possible to compare the expression of approximately
15 000 genes in the adipose tissue from A1R (+/+) and A1R (-/-) mice. Of these, 287 genes were
significantly more than 1.5-fold up-regulated and 56 genes significantly down-regulated to less
than half. Genes with known functions in aspects of lipid synthesis (Table 1, paper III) were
further evaluated by using real-time RT-PCR. This technique revealed no significant
differences in expression of these genes between A1R (+/+) and A1R (-/-) mice. Based on these
results, we conclude that the expression of the investigated genes in the adipose tissue does not
differ between A1R (+/+) and A1R (-/-) mice. The microarray analysis also showed a significant
up-regulation of the GiĮ1 protein, but it was not possible to verify this up-regulation by
immunoblotting.

Lipogenesis
The most important results from the lipogenesis study (giving an indirect a measure of glucose
transport) were that:
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1. Basal lipogenesis was similar in adipocytes from A1R (+/+) and A1R (-/-) adipocytes
and ADA-treatment caused a slight, although not significant, decrease in lipogenesis in
A1R (+/+) adipocytes, but not in A1R (-/-) adipocytes. These results suggest only a very
minor role of endogenous adenosine in lipogenesis.
2. Insulin increased lipogenesis in a dose-dependent manner and there were no significant
differences in the EC50 values of insulin between control and ADA-treated adipocytes
from A1R (+/+) and A1R (-/-) mice. Addition of the adenosine analogue 2-CADO
significantly enhanced lipogenesis in A1R (+/+) adipocytes, but not in A1R (-/-)
adipocytes and the effect of 2-CADO on lipogenesis was dependent on the
concentration of insulin present.

PLASMA LEVELS OF FFA, GLYCEROL, TG AND CHOLESTEROL (PAPER III)
Plasma levels of FFA, glycerol, TG and cholesterol were not significantly different between
A1R (+/+) and A1R (-/-) mice under control conditions (only vehicle was given), although the
A1R (-/-) mice showed a tendency toward elevated FFA and glycerol levels, indicating a tonic
suppressive effect of adenosine on in vivo lipolysis. CPA administration caused significantly
decreased FFA, glycerol and TG levels in the A1R (+/+) mice but not in the A1R (-/-) mice.
Cholesterol levels were not altered by CPA administration in either genotype.

SKELETAL MUSCLE (PAPER II)
Glucose uptake
Glucose uptake was not different between A1R (+/+) and A1R (-/-) mice in basal state or after
exposure to insulin (2 or 20 mU/ml) in skeletal muscle (soleus and EDL). Furthermore, we saw
no significant difference in contraction-mediated glucose uptake between genotypes and the
A1R agonist, CCPA did not affect insulin-mediated glucose uptake in the skeletal muscle.
Therefore, we conclude that the A1R is only of minor importance in glucose uptake in skeletal
muscle (but see also further comments in General discussion). Our general conclusion agrees
with that of Thong et al. (2007), but differs somewhat from previous studies suggesting that
adenosine has positive (Vergauwen et al., 1994, Han et al., 1998, Cheng et al., 2000a, Thong et
al., 2002) or negative (Espinal et al., 1983, Budohoski et al., 1984, Leighton et al., 1988,
Challiss et al., 1992) effects on glucose uptake in skeletal muscle.

PANCREAS (PAPER II)
Insulin and glucagon levels
Glucose tolerance was not significantly different between A1R (+/+) and A1R (-/-) mice after
glucose administration. The glucose load resulted, as expected, in transiently increased insulin
levels and suppressed glucagon levels in the A1R (+/+) mice, but in significantly sustained
increased insulin and glucagon levels in the A1R (-/-) mice. In situ pancreatic perfusion
experiments showed somewhat higher basal insulin levels (i.e. when pancreas was perfused
with 3.3 mM glucose) in the A1R (-/-) mice than in A1R (+/+) mice. After glucose
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administration (glucose concentration was raised from 3.3 mM to 16.7 mM glucose) the second
phase, but not the first phase, of insulin secretion was significantly increased in the A1R (-/-)
mice compared with in the A1R (+/+) mice. The mechanism behind this finding is still
unknown. It might be due to cAMP-mediated effects, but other second messenger systems can
also be involved (Hillaire-Buys et al., 1987, 1989, Hashiguchi et al., 2006, Rüsing et al., 2006).
Due to the anabolic properties of insulin, the increased hormone level in the A1R (-/-) mice
might also be a possible explanation for their increased body weight (as mentioned in section –
General effects of adenosine in the A1R (-/-) mouse).

INTERACTION WITH GHSR1A (PAPER IV)
It has been reported that adenosine and its analogues act as full or partial agonists at the
GHSR1a (Smith et al., 2000, Tullin et al., 2000, Carreira et al., 2004). In this study, this
question was reinvestigated and interactions between GHSR1a and A2BR were examined.
Ghrelin, adenosine and 2-CADO were able in a concentration-dependent manner to increase
intracellular Ca2+ ([Ca2+]i) levels in GHSR1a transfected HEK 293-EBNA cells, in agreement
with previous studies. However, NECA and 2-CADO, but not ghrelin, could also stimulate
[Ca2+]i increase in untransfected HEK 293-EBNA cells. These results indicate that HEK 293EBNA cells possess a considerable number of endogenous A2 receptors, presumably A2BRs.
Endogenously expressed adenosine receptors might also explain results in previous studies
indicating that adenosine is a full or partial agonist at the GHSR1a (Smith et al., 2000, Tullin et
al., 2000, Carreira et al., 2004). In our CHO cells (which do not express any adenosine
receptors), ghrelin and NECA were unable to stimulate a [Ca2+]i response, although ghrelin (but
not adenosine, NECA or 2-CADO) was able to stimulate a response of [Ca2+]i in CHO cells
transfected with the GHSR1a. As a control, NECA elicited a rise in [Ca2+]i in CHO cells
transfected with both GHSR1a and A2BR. A partial agonist should act as an antagonist in the
presence of a full agonist. However, adenosine, 2-CADO and the antagonist DPCPX were not
able to antagonize the [Ca2+]i response induced by ghrelin in CHO cells transfected with
GHSR1a. In radioligand binding experiments, ghrelin, a GHSR1a agonist and an inverse
GHSR1a agonist, but not 2-CADO or NECA could displace [125I]-hGhrelin binding in CHO
cells transfected with GHSR1a. These results are also evidence against agonistic effects of
adenosine and adenosine analogues at GHSR1a. Our results in this study were later confirmed
in two recently published studies also showing that adenosine is not an agonist at the GHSR1a
(Carreira et al., 2006, Hermansson et al., 2007).
Our study also showed that the GHSR1a and the A2BR mediate additive, but not synergistic
effects on the [Ca2+]i response. This is reasonable since both receptors signal via the Gq/11, even
though the A2BR also signals via the Gs pathway (Pierce et al., 1992, Yakel et al., 1993, Gao et
al., 1999, Linden et al., 1999). In addition, NECA increased cAMP accumulation in
concentration-dependent manner in A2BR transfected CHO cells, GHSR1a and A2BR cotransfected CHO cells as well as in GHSR1a transfected HEK 293-EBNA cells. The potency
(EC50 value) of NECA in these dose–response curves was not significantly different in the
absence or presence of ghrelin. These results indicate no interactions in signaling between
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adenosine and ghrelin. We cannot exclude that synergistic interactions may occur in other cells
or under different experimental conditions.
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GENERAL DISCUSSION
The prevalence of diabetes and obesity is increasing rapidly. In 2000, 171 million people
worldwide were estimated to have diabetes and by 2030 the prevalence of diabetes is estimated
to increase to 366 million people (World Health Organization (WHO); www.who.int).
Regarding overweight and obesity, 1.6 billion adults were overweight and at least 400 million
were obese in 2005, and the WHO projects that approximately 2.3 billion people will be
overweight and more than 700 million people obese by 2015 (WHO; www.who.int). Obesity is
associated with increased risk of for instance cardiovascular diseases, type 2 diabetes, impaired
respiratory and reproductive function, cancer, osteoarthritis, liver and gallbladder diseases
(Kopelman, 2007).
One aim of the present work has been to explore if adenosine agonists and antagonists might be
used as drugs for treatment of metabolic diseases such as obesity and diabetes. Adenosine is
already available for use in humans, but adenosine agonists for such therapeutic uses will have
to be more metabolically stable than adenosine itself: the short half-time of adenosine limits its
usefulness in treatment of diseases, when drugs should preferably act over a longer time-span
(Möser et al., 1989). Adenosine agonists and antagonists act and mediate their effects via the
four adenosine receptors (Fredholm et al., 1994, 2001a). Previous studies have reported that
adenosine also could mediate its effects by binding to another receptor, the GHSR1a, and
thereby not mediate its effects solely via the adenosine receptors (Smith et al., 2000, Tullin et
al., 2000 Carreira et al., 2004). However, we showed evidence against adenosine analogues
being agonists at the GHSR1a. Previous findings showing opposite results may be explained by
the fact that both HEK 293 cells (Cooper et al., 1997, Gao et al., 1999) and BHK cells (Mittal
et al., 1999) that were used in these studies express endogenous adenosine receptors,
presumably A2BRs. It is conceivable that these receptors, and not GHSR1a, were responsible for
the adenosine-meditated effects that were obtained and measured in these earlier studies. In line
with our results, two later published studies also concluded that adenosine is not a GHSR1a
agonist (Carreira et al., 2006, Hermansson et al., 2007). In conclusion, these results show that
adenosine agonists or antagonists cannot be utilized as new drugs for affecting the GHSR1a
and, unlike ghrelin, cannot be used for stimulating or inhibiting food intake by acting at the
GHSR1a (Tschöp et al., 2000, Wren et al., 2000, Cummings et al., 2001, Nakazato et al., 2001,
Cummings and Shannon, 2003, Cummings, 2006).
It is reasonable to surmise that adenosine agonists and antagonists could mediate their effects
by binding to the adenosine receptors and initiate cell signaling cascades that interact with
signals originating from receptors other than the adenosine receptors. However, we found no
major synergistic interaction between adenosine acting at the A2BR and ghrelin acting at the
GHSR1a, even though other studies have suggested signaling interactions between adenosine
and ghrelin (Carreira et al., 2004, 2006, Hermansson et al., 2007). In conclusion, our results
suggest that the cross-talk between the A2BR and GHSR1a is limited. However, possible
interactions between adenosine and GHSR1a have to be further examined. Such investigations
should also look into potential GHSR1a interactions with the other adenosine receptors.
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Despite the possibilities discussed above that adenosine receptor-binding drugs act directly at
other receptors, or indirectly by influencing other receptor signaling systems in the cell, it is
most likely that the effects mediated by the adenosine receptor-binding drugs are due mainly to
their direct effects at the adenosine receptors.
FFA levels, which are elevated in obesity, have been linked to development of insulin
resistance and type 2 diabetes as well as to cardiovascular diseases (Boden, 2001, Boden and
Shulman, 2002, Kahn et al., 2006, van Gaal et al., 2006). Based on the observation that
adenosine is an antilipolytic factor and lowers FFA levels (see Introduction, the section on
Adenosine in adipose tissue), the usefulness of adenosine agonists in treatment of metabolic
disorders such as type 2 diabetes has been discussed in the literature (see below and, e.g.
Zannikos et al., 2001, Shah et al., 2004, Fatholahi et al., 2006, Dhalla et al., 2007a-b).
The A1R has been suggested to be involved in obesity in animals (LaNoue and Martin, 1994) as
well as in humans (Kaartinen et al., 1991, Barakat et al., 2006). A1Rs are overactive in obese
Zucker rats and an A1R agonist is able to decrease FFA levels and increase insulin sensitivity in
these rats (Vannucci et al., 1989, 1990, LaNoue and Martin, 1994, Berkich et al., 1995,
Schoelch et al., 2004). It has also been shown that obese transgenic mice overexpressing the
A1R in adipose tissue are protected from developing insulin resistance (Dong et al., 2001).
In our studies, we confirmed that ADA, which reduces adenosine levels, increased basal and
NA-stimulated lipolysis in A1R (+/+) adipocytes. However, the enzyme had no effect in the
A1R (-/-) adipocytes. Thus, the antilipolytic effects of endogenous adenosine are mediated via
the A1R. In addition, dose–response curves showed that 2-CADO inhibited NA- and ADAstimulated lipolysis as well as cAMP accumulation in a concentration-dependent manner in
A1R (+/+) adipocytes, but affected neither lipolysis nor cAMP accumulation in the A1R (-/-)
adipocytes. Hence, the A1R is of major importance in basal- and NA-stimulated lipolysis and no
other adenosine receptors are involved in lipolysis. In agreement with these in vitro results, the
A1R agonist CPA could also significantly decrease FFA levels in vivo in A1R (+/+) mice but not
in A1R (-/-) mice. These results are important also from the point of view that only an A1R
agonist and not the agonists acting at the other adenosine receptors should be considered in the
development of an adenosine receptor-binding drug for lowering FFA levels – at least when
adipose tissue is the focus.
A1R agonists, if used for lowering FFA levels, have potential to cause side effects in other
organs where A1Rs are expressed, as in the cardiovascular system (Linden, 1991, Fredholm et
al., 2001a, Fredholm, 2007). However, we and others have reported a receptor reserve in the
adipose tissue (Lohse et al., 1986, Liang et al., 2002, Fatholahi et al., 2006). Results from our
lipolysis and cAMP studies indicate spare A1 receptors: this conclusion could be drawn since
dose–response curves with 2-CADO from lipolysis and cAMP experiments were approximately
two-fold shifted to the right in A1R (+/-) mice where half of the receptors were eliminated. A
right shift and a change in maximal response is what one expects if spare receptors are present.
This receptor reserve can be utilized in drug development to avoid the cardiovascular side
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effects. If a receptor reserve (spare receptors) is present, it is not necessary that all of the
receptors are occupied in order to achieve maximum response and it is also possible for a partial
agonist to evoke full response if spare receptors are present (Neubig et al., 2003). In addition, it
has also been indicated by others that spare A1 receptors probably do not exist in heart tissue
(van Schaick et al., 1998, van der Graaf et al., 1999, Fatholahi et al., 2006, Dhalla et al., 2007ab). Hence, a partial agonist will elicit a full effect only in tissues where spare receptors are
present (i.e. adipose tissue) and have little or no effect in organs lacking the receptor reserve
(i.e. heart). In rodents, a partial agonist CVT-3619 has shown promising results: this drug
lowers FFA levels but does not elicit cardiovascular side effects (Fatholahi et al., 2006, Dhalla
et al., 2007a-b). Furthermore, in published clinical trials (phase I studies) on healthy volunteers,
two different A1R agonists have been evaluated and it has been shown that these A1R agonists
can reduce FFA levels and are relatively safe, at least in a single dose, allowing administration
to humans (Zannikos et al., 2001, Shah et al., 2004).
Besides having positive antilipolytic effects, adenosine and adenosine analogues can also
stimulate glucose uptake, at least in adipose tissue. This capacity is also of potential benefit in a
drug used for treating insulin resistance and/or type 2 diabetes. In our studies, the glucose
uptake was measured directly in the skeletal muscle and indirectly (as lipogenesis) in the fat
cells. Irrespective of which technique was used, the results showed that endogenous adenosine
is not of major importance in basal and insulin-stimulated glucose uptake in skeletal muscle or
adipose tissue. In adipose tissue an A1R agonist could modestly, but significantly, increase the
lipogenesis/glucose uptake, a result in agreement with previously findings showing that
adenosine stimulates glucose uptake in adipose tissue (Schwabe et al., 1974, Taylor and
Halperin, 1979, Joost and Steinfelder, 1982, Smith et al., 1984, Joost et al., 1986, Martin and
Bockman, 1986, Kuroda et al., 1987, Steinfelder and Pethö-Schramm, 1990, Heseltine et al.,
1995, Akiba et al., 2004). In the skeletal mucle, our results did not show any significant effect
of the A1R agonist, CCPA, on insulin-stimulated glucose uptake. Despite this result, we are
reluctant to draw the conclusion that A1R agonists are unable to cause any effects whatsoever
on glucose uptake in the skeletal muscle. We saw a rather large variability in the glucose uptake
results in muscles coming from different mice, and only a few concentrations of insulin were
tested, which also makes it difficult to do dose–response curves and compare potency (EC50
values) between treated and non-treated muscles. Moreover, many other studies have reported
that adenosine is able to stimulate glucose uptake in the skeletal muscle (Vergauwen et al.,
1994, Han et al., 1998, Cheng et al., 2000a, Thong et al., 2002), although one of the studies
showed that adenosine elicits effects only when the muscles are stimulated by contractions and
by insulin at the same time (Vergauwen et al., 1994). However, other studies have reported
negative effects of adenosine on glucose uptake (Espinal et al., 1983, Budohoski et al., 1984,
Leighton et al., 1988, Challiss et al., 1992) and a recent study also showed effects of adenosine
on glucose uptake only at intermediate concentrations of insulin in the rat skeletal muscle
(Thong et al., 2007). Given this background, more studies have to be done, especially at
intermediate concentrations of insulin, to clarify the role of adenosine and agonists on glucose
uptake in skeletal muscle. Since we also showed that all the adenosine receptors are present in
the mouse skeletal muscle, it is also possible that other adenosine receptors than the A1R is
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involved in the glucose uptake; this must also be investigated in future studies. It is also
necessary to examine whether diet-induced changes in body weight might influence adenosineinduced glucose uptake.
In a majority of the studies in this thesis, genetically modified mice have been used for
examination of metabolic roles of adenosine mediated via the A1R. In scientific discussions as
well as in the literature, the results obtained from genetically modified mice are sometimes
questioned on the grounds that deletion of a certain gene can lead to compensatory changes in
the mice and that the obtained results relate more to the compensatory changes than to the
function of the gene that has been deleted (Nelson, 1997, Branchi and Ricceri, 2002, Fredholm
et al., 2005b).
Compensatory changes can occur at least at four different levels within the cell. Firstly,
compensatory factors at the G protein level will be discussed. Previously, it has been shown
that prolonged incubation of rat adipocytes with an adenosine agonist, N6-phenylisopropyl
adenosine (PIA), led to down-regulation of A1Rs (Green, 1987). This down-regulation resulted
in a selective loss of the Gi proteins in the cell. The GiĮ1 and GiĮ3 protein subunits were
approximately 90% and the GiĮ2 subunit 50% down-regulated (Green et al., 1992). This downregulation could be one reason for heterologous desensitization within the cell. Heterologous
desensitization describes a situation where treatment of a cell with a drug subsequently makes
the cell less sensitive to another drug that works via another receptor (Green et al., 1992,
Neubig et al., 2003). It has been shown that heterologous desensitization can occur in rat
adipocytes, for example, that a high dose of an A1R agonist leads to decreased antilipolytic
effect of prostaglandin E1, and also that the converse occurs (Parsons and Stiles, 1987, Green et
al., 1992). The Į2 agonist UK 14304 and nicotinic acid can also cause heterologous
desensitization in lipolysis by desensitizing the response to PIA (Hoffman et al., 1989, Gasic
and Green, 1995).
If adenosine, via the A1R, is able to cause heterologous desensitization, it is reasonable to
expect that a deletion of the A1R should result in heterologous sensitization of other receptors.
This means that elimination of the antilipolytic A1R would result in enhanced antilipolytic
effects mediated via other receptors. Given this background, we were interested to find out if a
complete deletion of the A1R affects the level of the Gi protein and whether there were any
compensatory antilipolytic effects mediated by other G protein-coupled receptors. We found on
the microarray chips, a slight up-regulation of all the GiĮ1, GiĮ2 and GiĮ3 subunits at mRNA level,
but only the GiĮ1 was significantly up-regulated. This up-regulation could not be verified at
protein level, and we concluded that a long-term deletion of the A1R did not significantly affect
the expression of the GiĮ1, GiĮ2 and GiĮ3 proteins, at least not in mouse adipocytes. Furthermore,
PGE2 and nicotinic acid are substances that mediate their signals via G protein-coupled
receptors (EP3 receptors and nicotinic acid receptors respectively) and these substances could
not inhibit NA-stimulated lipolysis in a more efficient manner when the A1R was deleted (the
antilipolytic potency of these compounds was not higher, i.e. the IC50 values were not lower in
A1R (-/-) adipocytes compared with A1R (+/+) adipocytes). If anything, the potency of PGE2,
28

General Discussion
but not of nicotinic acid, was slightly reduced in the A1R (-/-) adipocytes, which could indicate
that PGE2 partly acts via A1R. However, neither PGE2 nor nicotinic acid mediate more
powerful compensatory antilipolytic effects when the A1R was abolished. In the previous
studies discussed above, where heterologous desensitization has been detected, high
concentrations of drugs have been added to the adipocytes over a relatively long period of time.
It is possible that this treatment cause toxic, non receptor-related effects, which might explain
why we do not find any compensatory changes of PGE2 or nicotinic acid since we deleted the
receptor instead of adding high concentrations of drugs as in previous studies.
A second possible compensatory change that can occur in the cells of the A1R (-/-) mouse is
that genes with similar structure and showing affinity for the same endogenous ligand as the
A1R (i.e. the other adenosine receptors) could be influenced by the deleted A1R gene and that
the expression of these genes could thereby be altered (Burnett et al., 1996, Nelson, 1997,
Branchi and Ricceri, 2002). However, we could not find any alterations in the expression levels
of the other adenosine receptors in adipose tissue or in skeletal muscle in the A1R (-/-) mice, at
least not at mRNA level. These results are in agreement with a previous study from our
laboratory, where it was shown that these mice did not have altered expression of the adenosine
receptors in the heart tissue (Yang et al., 2007).
A third alteration that might occur in a genetically modified mouse is that the loss of function of
the deleted gene is compensated by other receptors that mediate the same function, but without
sharing a similar structure or coupling to the same G proteins as the deleted receptor (Nelson,
1997, Branchi and Ricceri, 2002, Fredholm et al., 2005b). In the adipocyte, where lipolysis is of
major importance, insulin functions as a main antilipolytic regulator (see Arner, 2005, Carmen
and Víctor, 2006, Langin, 2006, Arner and Langin, 2007). Hence, we investigated if the
antilipolytic effect of insulin was affected when the A1R was deleted. However, we could not
find any evidence for an altered potency of insulin as antilipolytic factor when the A1R was
deleted. In lipogenesis, the potency of insulin was likewise not dependent of the presence of the
A1R.
The final thing to be borne in mind is that not only receptors and G proteins are of importance
when compensatory factors are investigated. Other proteins, for instance various enzymes, can
also have changed expression and/or activity (Burnett et al., 1996, Nelson, 1997, Branchi and
Ricceri, 2002, Fredholm et al., 2005b). In the microarray study, some genes with important
functions related to lipid synthesis were up- or down-regulated in the adipose tissue from the
A1R (-/-) mice compared with the A1R (+/+) mice (see paper III, Table 1). However, according
to the real time RT-PCR results, there were no differences in expression of these genes at
mRNA level between the different genotypes. Additional studies will be required to evaluate if
changes of these or other important proteins occur at protein level and if the activity of enzymes
such as FAS and malic enzymes is changed. However, from our results we conclude that, at
mRNA levels, no compensatory changes of investigated genes occur.
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Taken together, the results suggest that no major compensatory responses occur in mice, at least
not in fat cells, when the A1R is deleted. However, we cannot completely exclude the
possibility that compensatory changes may occur in other organs. This will need to be evaluated
in other studies. This lack of compensatory changes also gives the A1R (-/-) mouse added value
as a pharmacological model for studying whether adenosine agonists and antagonists can be
utilized as drugs for treatment of different diseases (Fredholm, 2003, Fredholm et al., 2005b).
However, not only adenosine agonists, but also adenosine antagonists may be useful in
treatment of type 2 diabetes, since epidemiological studies have shown that long-term coffee
consumption protects against type 2 diabetes (van Dam and Feskens, 2002, Isogawa et al.,
2003, Agardh et al., 2004, Carlsson et al., 2004, Rosengren et al., 2004, Salazar-Martinez et al.,
2004, Tuomilehto et al., 2004, Yamaji et al., 2004, van Dam and Hu, 2005, van Dam et al.,
2006). The mechanism behind this relationship is not known at the present time; in fact,
somewhat contradictorily, short-term studies have shown impaired insulin sensitivity due to
acute coffee intake (Graham et al., 2001, Greer et al., 2001, Keijzers et al., 2002). Development
of tolerance to caffeine might partly explain the apparent discrepancy between negative shortterm and positive long-term effects of coffee consumption (Robertson et al., 1981). The
beneficial effects of coffee in the epidemiological studies may also partly be due to substances
other than caffeine, for instance chlorogenic acid and magnesium (Salazar-Martinez et al.,
2004, van Dam et al., 2006). The association between weight loss and caffeine is not
conclusive, but if caffeine causes weight reduction it might be due to caffeine’s stimulating
effects on thermogenesis, fat oxidation, lipolysis or centrally enhanced satiety (Fredholm et al.,
1999, 2007, Greenberg et al., 2006). However, other explanations for the decreased risk of type
2 diabetes after coffee consumption are possible.
If caffeine is the ingredient in coffee that protects coffee consumers from type 2 diabetes, the
effect might be linked to the ability of caffeine to block A1Rs in pancreas and thereby increase
insulin release. This speculation is based on our finding that A1R (-/-) mice have higher insulin
release than A1R (+/+) mice after glucose administration. However, caffeine, in doses normally
consumed daily by humans, blocks the A1R, A2AR and to a lesser extent also the A2BR
(Fredholm et al., 1999, 2001b, 2007, Schulte and Fredholm, 2000). All these receptors might
play a role in caffeine’s ability to protect against development of type 2 diabetes. These
receptors are expressed in a wide variety of tissues (see Introduction, Table 1) (Fredholm et al.,
2001a, Fredholm, 2007) and therefore many different organs can also be involved in this
protection against type 2 diabetes. The relationship between coffee consumption and type 2
diabetes awaits further evaluation in future studies. In view of the fact that coffee is one of the
most popular beverage in the world today (Fredholm et al., 1999, 2007) and diabetes is
increasing tremendously in prevalence (WHO; www.who.int); it is important to figure out the
association between the two, since such knowledge might lead to better protection against
and/or treatment of type 2 diabetes.
In our studies, glucose administration resulted in increased plasma levels of insulin and
glucagon in the A1R (-/-) mice. However, the maintained glucose level in the presence of the
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elevated insulin level in the A1R (-/-) mice indicates insulin resistance. It is also possible that
glucose transport may be increased, but that the increased glucagon levels in the A1R (-/-) mice
stimulate glucose production in the liver and therefore that the maintained glucose level in
plasma is due to a higher glucose turnover rather than to insulin resistance in the A1R (-/-) mice.
The mechanism behind the increased glucagon levels in the A1R (-/-) mice is still somewhat
unclear. However, unpublished results have shown that these increased glucagon levels in the
A1R (-/-) mice are due to an increased release of glucagon in pancreas and probably not to a
reduced clearance of the hormone. Previous reports have shown that adenosine stimulates
glucagon release and proposed involvement of A2 receptors in this release (Petrack et al., 1981,
Chapal et al., 1984, 1985). However, the role of the A1R in the glucagon release is not known
yet. This finding has also to be examined greater if the A1R is to be considered as a new drug
target in development of metabolic drugs.
The fact that endogenous adenosine appears to regulate both glucagon and insulin release is
intriguing. In the beta cells, which release insulin, the dense-core vesicles can undergo either
“conventional” or “kiss and run” exocytosis (MacDonald et al., 2006, MacDonald and
Rorsman, 2007). In “conventional” exocytosis, the vesicle fuses to the plasma membrane and
the entire vesicle content is delivered to the extracellular space. In the “kiss and run”
exocytosis, the vesicle fuses to the membrane and a fusion pore is opened transiently, releasing
often only some of the vesicle’s content to the extracellular space. These pores are
approximately 1.4 nm in diameter and allow release of small molecules, in particular ATP
(MacDonald et al., 2006). The insulin molecule (3.3 × 2.7 × 2.5 nm) (Barg et al., 2002, Tsuboi
et al., 2006) is too large to be released via these fusion pores (MacDonald et al., 2006).
Electrophysiological measurements suggest that “kiss and run” exocytosis occurs 20-30% of
the time in response to glucose stimulation (MacDonald et al., 2005b, 2006). The role of this
“kiss and run” exocytosis within the beta cell and the resulting release of mainly ATP are still
unknown. It has also been suggested that ATP is involved in glucose-stimulated insulin
secretion (Salehi et al., 2005) and it is tempting to speculate that ATP rapidly is broken down to
adenosine and that adenosine is to some degree responsible for regulation of insulin secretion.
The mechanism of adenosine in regulating insulin release awaits further evaluation, but from
our results we can conclude that the A1R (-/-) mice have higher secretion of this hormone and
that the A1R is involved in the second, but not in the first phase of insulin release. The
mechanism behind these phases is still unclear but in the second phase of insulin secretion, it is
the vesicles originating from the reserve pool situated at a greater distance from the membrane
that undergo exocytosis (Barg, 2003, Rorsman and Renström, 2003, MacDonald et al., 2005a).
In addition, previous studies have also shown involvement of adenosine and the A1R in insulin
release (see also Introduction, the section on Adenosine in pancreas) (Ismail et al., 1977,
Campbell and Taylor, 1982, Hillaire-Buys et al., 1987, 1989, 1994, Bertrand et al., 1989,
Rüsing et al., 2006).
In this thesis, the role of the A1R has been the main focus because the A1R seems to be the
adenosine receptor subtype that is mainly involved in metabolism (see for example Schwabe et
al. 1974, Crist et al. 1998, Xu et al. 1998, Dong et al. 2001). However, the other adenosine
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receptors may also be of importance – directly or indirectly – in treatment of metabolic
disorders. For example, obesity is also linked to a state of chronic low-grade inflammation. This
is due to the fact that in obesity, adipocytes produce larger amounts of inflammatory cytokines
than normal, immune cells are already present in the tissue in close proximity of the adipocytes
and macrophages easily infiltrate adipose tissue (Wellen and Hotamisligil, 2003, Boden, 2006,
Hotamisligil, 2006). This inflammation is also associated with insulin resistance and type 2
diabetes (Wellen and Hotamisligil, 2003, Boden, 2006, Hotamisligil, 2006). Adenosine has
been shown to be a non-redundant endogenous regulator of many different functions in the
immune system (e.g. Ohta and Sitkovsky, 2001, Fredholm, 2007). Hence, the adenosine
receptors can also be of importance as drug targets in the adipose tissue to suppress the
underlying inflammation in obesity and thereby increase insulin sensitivity. In addition, the
A2BR has been reported to mediate effects in the immune system in rodents that can protect
against development of type 1 diabetes, which is an autoimmune disease (Németh et al., 2007),
and A2AR agonists have been reported to elicit wound healing and anti-inflammatory effects
that can be useful for treating diabetic neuropathic foot ulcers (Cronstein, 2006).
Thus, many additional studies are required to clarify the metabolic roles of adenosine and how
it interacts with other key regulators. Nevertheless, the present work has provided firm answers
to at least some of the key questions.
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CONCLUSIONS
1. Adenosine is an important antilipolytic factor. The only adenosine receptor involved
in lipolysis is the A1R and the potency of adenosine depends on the number of A1Rs.
2. The A1R, nicotinic acid receptor and EP3 receptor are all G protein-coupled receptors
that mediate antilipolytic effects, but no compensatory G protein-mediated antilipolytic effects of nicotinic acid or PGE2 occur when the A1R is abolished.
3. Adenosine and insulin mediate additive, but not synergistic, antilipolytic effects.
4. cDNA microarrays showed that only few genes with known functions in aspects of
lipid synthesis may differ between adipose tissue from A1R (-/-) and A1R (+/+) mice,
but when using real time RT-PCR the expression of even those few genes were not
significantly different.
5. The deletion of the A1R does not affect body weight in young mice, but older (5
months) male A1R (-/-) mice have significantly higher body weight than
corresponding A1R (+/+) mice and they die earlier.
6. Endogenous adenosine is not of major importance in lipogenesis but an adenosine
analogue is able to stimulate lipogenesis via the A1R. Adenosine’s action on
lipogenesis is dependent on the insulin concentration, but the effect of insulin on
lipogenesis is independent of adenosine.
7. The A1R is not of major importance in regulation of insulin- and contractionmediated glucose uptake in skeletal muscle.
8. Glucose tolerance is not altered in the A1R (-/-) mice compared with A1R (+/+) mice,
fed a normal diet.
9. The A1R is of importance in the regulation of the levels of insulin and glucagon.
10. Adenosine is not a full or partial agonist at the GHSR1a. Earlier reports to this effect
appear to be due to presence of constitutive A2BRs. In addition, signaling via the
GHSR1a and A2B receptors does not seem to interact.
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