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Abstract

The adenosine receptor subtype mediating glucose production by glycogenolysis and gluconeogenesis was studied in primary cultured rat
hepatocytes. Adenosine and adenosine agonists caused cyclic AMP accumulation in rat hepatocytes. The order of potency was 5'-N-
ethylcarboxamidoadenosine (NECA)>R( — )-N°-(2-phenylisopropyl)adenosine (RPIA)>adenosine>2-[ p-(carboxyethyl)phenylethylamino]-
5'-N-ethylcarboxamidoadenosine (CGS21680). Furthermore, adenosine agonists stimulated glycogenolysis and gluconeogenesis. The order of
potency was NECA>RPIA>CGS21680. The rank order of potency is typical for adenosine A,p receptors. Glycogenolysis stimulated by
NECA was fully inhibited by nonselective adenosine antagonists, 9-chloro-2-(2-furanyl)[1,2,4]triazolo[1,5-c]quinazolin-5-amine
(CGS15943). However, the adenosine A, receptor-selective antagonist, 8-(3-chlorostyryl)caffeine (CSC), and the adenosine A; receptor-
selective antagonist, (+)-(R)-[(E)-3-(2-phenylpyrazolo[1,5-alpha]pyridin-3-yl)acryloyl]-2-piperidine ethanol (FK453), had a low inhibitory
potency. A strong correlation was found between the inhibitory effect of adenosine antagonists on NECA-induced glucose production and that
on intracellular cyclic AMP generation in rat hepatocytes. Our results suggest that adenosine stimulates cyclic AMP formation and regulates

glycogenolysis and gluconeogenesis, most likely through the adenosine A, receptor subtype in rat hepatocytes.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Adenosine has been demonstrated to regulate many phy-
siological actions through extracellular surface G-protein-
coupled receptors. Adenosine receptors are classified into
four subtypes (A;, Asa, Asp, Az) and are involved in the
regulation of adenylate cyclase. Adenosine A; and Aj
receptors inhibit cyclic AMP production via Gj, whereas
adenosine A, and A,g receptors stimulate it via G¢ (Collis
and Hourani, 1993; Pierce et al., 1992). Recently, the avail-
ability of adenosine receptor-selective agonists and antago-
nists has facilitated the classification of adenosine receptors
on the basis of the rank order of potency of receptor agonists
and antagonists in receptor binding and functional assays.

* Corresponding author. Tel.: +81-298-47-5691; fax: +81-298-47-2037.
E-mail address: n-yasuda@hhc.eisai.co.jp (N. Yasuda).

The adenosine A, receptor was differentiated from the
adenosine A, receptor by the adenosine A receptor-selective
agonists, N°-cyclopentyladenosine (CPA) and R(— )-N°~(2-
phenylisopropyl)adenosine (RPIA) (Lohse et al., 1988). The
adenosine A, receptor has been further divided into A, and
A,p subtypes, high-affinity and low-affinity receptors,
respectively. These receptors differ by approximately 100-
fold in affinity for adenosine (Daly et al., 1983). Although a
selective ligand for adenosine A,p receptor has not yet been
developed, an adenosine A,, receptor-selective agonist, 2-
[ p-(carboxyethyl)phenylethylamino]-5'-N-ethylcarboxami-
doadenosine (CGS21680), is available. Generally, 5'-N-eth-
ylcarboxamidoadenosine (NECA), which is a nonselective
adenosine agonist, and CGS21680, which is an adenosine
A, receptor-selective agonist, have been widely used as
tools to discriminate the effects mediated by the two G-
coupled receptors (Lupica et al., 1990; Jarvis et al., 1989).
For example, in human platelets, which predominantly
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contain adenosine A,, receptors, CGS21680 and NECA
showed similar potency in stimulating cyclic AMP gener-
ation (Feoktistov and Biaggioni, 1993). In contrast, in
adenosine A,p receptor-expressing cells, CGS21680 was
ineffective, while NECA was a potent agonist (Alexander
et al., 1996; Cooper et al., 1997; Feoktistov and Biaggioni,
1993, 1997; Feoktistov et al., 1994).

Furthermore, adenosine A receptor-selective antagonists,
(H)-(R)-[(E)-3-(2-phenylpyrazolo[1,5-alpha]pyridin-3-yl)a-
cryloyl]-2-piperidine ethanol (FK453) (Terai et al., 1995)
and 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) (Lohse et
al., 1987), an adenosine A, receptor-selective antagonist, 8-
(3-chlorostyryl)caffeine (CSC) (Jacobson et al., 1993), and a
nonselective adenosine receptor antagonist, 9-chloro-2-(2-
furanyl)[1,2,4]triazolo[1,5-c]quinazolin-5-amine  (CGS159
43) (Kim et al., 1998), are useful tools to discriminate be-
tween effects mediated by adenosine A, A, or A,p recep-
tors.

It has been reported that adenosine stimulates glycoge-
nolysis via activation of glycogen phosphorylase in isolated
rat hepatocytes (Hoffer and Lowenstein, 1986; Oetjen et al.,
1990), and stimulation of glycogenolysis by adenosine is
mediated through the A, receptor in perfused rat liver
(Buxton et al., 1987). Furthermore, 2-chloroadenosine, a
nondegradable adenosine A, receptor agonist, has been
shown to stimulate gluconeogenesis by about 20—25% in
isolated rat hepatocytes (Bartrons et al., 1984). The gluco-
neogenic action of adenosine in rat hepatocytes was reported
to be mediated by its interaction with receptors that activate
the adenylate cyclase system (Pina et al., 1989). These
studies suggest that the stimulation of glycogenolysis and
gluconeogenesis by adenosine is mediated through the
adenosine A, receptor in rat hepatocytes. However, it is
not known which receptor subtype, A, or Ajg, plays the
predominant role. In this study, we tried to identify the
receptor subtype primarily associated with these aspects of
glucose metabolism in rat hepatocytes by using various
metabolically stable adenosine agonists and antagonists.

2. Materials and methods
2.1. Animals

Male Wistar rats, weighing 180—280 g (Charles River
Japan, Tokyo, Japan), were housed in our laboratories
according to the Guidelines for Care and Use of Laboratory
Animals of our company. The animal room was maintained at
23 £ 1 °C and 45 £ 5% relative humidity with a 12-h light/
dark cycle. Animals were given MF (Oriental Yeast, Tokyo,
Japan) as solid food and tap water was given ad libitum.

2.2. Rat hepatocyte culture

Hepatocytes were isolated by a modification of the
method previously described (Molde’us et al., 1978). Rats

were anesthetized with sodium pentobarbital and the liver
was perfused via the portal vein with liver perfusion medium
(Gibco BRL, New York, USA) for 10 min, followed by liver
digest medium (Gibco BRL) for 10 min at a flow rate of 30
ml min~ '. Hepatocytes were suspended by gentle disruption
of the digested liver in Williams’ E medium containing 10%
fetal bovine serum, 0.1 pM insulin, 1 pM dexamethasone,
100 U ml~ ! penicillin and 100 ug ml~ ! streptomycin. Cells
were plated at 6 X 10° cells/well in collagen-coated, six-well
plates or 1.5 x 10° cells/well in collagen-coated, 24-well
plates at 37 °C. After incubation for 2 h, nonadherent cells
were removed by aspiration, the medium was replaced with
fresh Williams’ E medium, and culture was continued for 24
h. These hepatocytes were used for the following experi-
ments.

2.3. Cyclic AMP assay with rat hepatocytes

Hepatocytes in 24-well plates were preincubated in fresh
Krebs—Ringer Buffer (KRB) containing 10 mM HEPES for
30 min at 37 °C, and adenosine agonists of various concen-
trations in the presence or absence of selected antagonists
were added to the appropriate wells contaning a phospho-
diesterase inhibitor, Ro-20-1724, and 1 U ml~ ! adenosine
deaminase. In the case of adenosine itself, adenosine deam-
inase was not used. After 15 min, supernatants were aspi-
rated and 0.1 N HCIl was added to terminate the reaction.
Cyclic AMP concentration was determined using a commer-
cially available enzyme immunoassay. Protein concentration
was determined using Bio-Rad protein assay reagent.

2.4. Glucose production in rat hepatocytes

Rat hepatocytes in 24-well plates were preincubated in
KRB gassed with 95% 0O,/5% CO, for 30 min at 37 °C, and
adenosine agonists or antagonists were simultaneously
added to the appropriate wells in the presence of 1 U ml™ '
adenosine deaminase. After further incubation for 1 h,
glucose released into the medium from the hepatocytes
was determined with a Glucose test Wako, a kit using the
glucose oxidase method.

2.5. Glycogen content in primary cultured rat hepatocytes

Adenosine agonists or antagonists in the presence of 1 U
ml~ ! adenosine deaminase were simultaneously added to rat
hepatocytes cultured in six-well plates. After a 1-h incuba-
tion, supernatants were aspirated and the hepatocytes
attached to the wells were digested in 2 ml of 30% KOH
for 10 min. Then, the digest was cooled to room temperature,
and 0.8 ml of 2% Na,SO,4 and 4 ml of absolute ethanol were
added to it. These tubes were kept at — 20 °C overnight to
precipitate glycogen and centrifuged at 1000 X g, for 10 min.
The supernatants were discarded and the precipitate was
washed with 2 ml of 66% ethanol. Then, the pellets were
dried and dissolved in 0.2 M acetate. Glycogen was digested
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into glucose by glucoamylase (10 U ml™~ ') for 60 min at 37
°C, and produced glucose levels were measured by the
enzymatic method described previously. The glycogen con-
tent is expressed as micrograms of glucose per well (Reddi
and Jyothirmayi, 1992).

2.6. Gluconeogenesis from ["*C]lactate in rat hepatocytes

Isolated hepatocytes cultured in 24-well plates for 24 h
were washed twice with 1 ml of KRB solution. Hepatocytes
were stimulated with increasing concentrations of an adeno-
sine agonist, NECA, RPIA and CGS21680, followed by
addition of 0.2 pCi of ['*C]lactate. The final concentration of
lactate, including ['*C]lactate, was 5 mM (Ciaraldi et al.,
1990). After a 4-h incubation, ['*C]glucose generated from
["“C]lactate was separated on an anion exchange column
(AG-1-x8) and its radioactivity was measured with a scin-
tillation counter (Packard Instrument, Meriden, CT, USA).

2.7. Cyclic AMP assay in HepG2 cells

HepG?2 cells were grown in Dulbecco’s modified Eagles’
medium (DMEM) containing 10% fetal bovine serum. Hep
G2 cells in 24-well plates were preincubated in fresh Krebs—
Ringer Buffer KRB containing 10 mM HEPES for 30 min at
37 °C, and adenosine agonists at various concentrations
were added to the appropriate wells containing a phospho-
diesterase inhibitor, R0-20-1724, and 1 U ml~ ' adenosine
deaminase. After 15 min, supernatants were aspirated and
0.1 N HCI was added to terminate the reaction. Cyclic AMP
concentration was determined using a commercially avail-
able enzyme immunoassay.

2.8. Data analysis

Statistical analysis was conducted with the software pack-
age SAS 6.12 (SAS Institute Japan, Tokyo, Japan). The ICs,
and ECs, values were calculated with a nonlinear regression
method.

2.9. Chemicals and drugs

The following chemicals and drugs were used: sodium
pentobarbital (Dainippon Pharmaceutical, Osaka, Japan);
adenosine, NECA, DPCPX, RPIA, CGS15943, dexametha-
sone and insulin (Sigma, St. Louis, MO, USA); FK453 was
synthesized in the Eisai (Akahane et al., 1996); adenosine
deaminase (Boehringer Mannheim, Indianapolis, IN, USA);
liver perfusion medium, liver digest medium, Williams’ E
and antibiotics (penicillin and streptomycin) (Gibco BRL);
Glucose test Wako and glucoamylase (Wako, Tokyo, Japan);
CSC, Ro-20-1724 and CGS21680 (RBI, Natick, CA, USA);
anion exchange column (AG-1-x8) (Bio-Rad, California,
USA); ["*C]lactate (specific radioactivity, 174.6 mCi
mmol~ ') and cyclic AMP EIA system (Amersham Pharma-
cia Biotech, Buckinghamshire, UK).

3. Results

3.1. Effects of adenosine, NECA, RPIA and CGS21680 on
cyclic AMP generation in rat hepatocytes

Stimulatory effects of adenosine and the adenosine ago-
nists, NECA, RPIA and CGS21680, on cyclic AMP gen-
eration were investigated in rat hepatocytes (Fig. 1). Basal
accumulation of cyclic AMP was 5.57 £ 0.47 (pmol/mg
protein). NECA stimulated cyclic AMP generation in a
dose-dependent manner in hepatocytes. In this experiment,
when the cyclic AMP level in response to 100 uM NECA
was chosen as the maximal response for calculating ECs
values, the EC5q of NECA calculated from the maximum
response was 0.58 + 0.18 uM, whereas 100 uM adenosine,
100 uM RPIA or 100 uM CGS21680 did not elicit this
maximum level. The cyclic AMP levels in response to 100
UM adenosine, 100 pM RPIA and 100 uM CGS21680 were
only 24.7%, 43.9% and 17.0% of that produced by 100 pM
NECA, respectively. Therefore, the rank order of potency
was NECA>RPIA>adenosine>CGS21680.

3.2. Glycogenolytic effects of NECA, RPIA and CGS21680
in rat hepatocytes

Stimulation of glycogenolysis by adenosine agonists was
investigated by measuring glucose production in the medium
and glycogen levels in the hepatocytes (Fig. 2A and B).
NECA, RPIA and CGS21680 stimulated glucose production
in a concentration-dependent manner. Maximum response to
NECA, RPIA and CGS21680 was attained at 10~ * M and
the ECsgs calculated from the maximum response to these
agonists were 0.12 +£0.04, 0.77 £0.03 and 20.12 + 5.48
uM, respectively. From these results, the rank order of

80
—— NECA
;E: _e— RPIA
S 60- —&— CGS21680
s
o —o— Adenosine
£
=
g 40+
£
o
=
< 5p4
Q
©
>
(6]
0 T T T T T ]
-10 -9 8 -7 6 5 4

Conc. (log M)

Fig. 1. Adenosine and adenosine receptor agonist-stimulated cyclic AMP
production in primary cultured rat hepatocytes. Hepatocytes were incubated
with increasing concentrations of NECA (H), RPIA (@), CGS21680 (A)
and adenosine (O) for 15 min in the presence of a phosphodiesterase
inhibitor, Ro-20-1724 (100 uM). Cyclic AMP content was determined with
an enzyme immunoassay kit from Amersham. Each point represents the
mean = S.E.M. of four experiments in triplicate.
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Fig. 2. Adenosine receptor agonist-stimulated glycogenolysis and gluconeo-
genesis in rat hepatocytes. (A) Effect of NECA (m), RPIA (@) and
CGS21680 (A) on glucose production in rat hepatocytes. (B) Effect of
NECA (m), RPIA (@) and CGS21680 (A) on glycogen level in rat
hepatocytes. Hepatocytes were incubated with NECA, RPIA or CGS21680,
for 1 h. Glucose released into the medium from the hepatocytes and glycogen
content in hepatocytes were measured in the same experiments. (C) Effect of
NECA (m), RPIA (@) and CGS21680 (A) on gluconeogenesis in rat
hepatocytes. Incorporation of '“C into ['*C]glucose from ['*C]lactate
stimulated by NECA, RPIA and CGS21680 was monitored for 4 h in rat
hepatocytes. ['“C]Glucose was separated on an anion exchange column (AG-
1-x8) and the radioactivity was measured with a scintillation counter. Each
point represents the mean + S.E.M. of three experiments in triplicate.

potency of these adenosine agonists to stimulate glucose
production was NECA>RPIA>CGS21680. Comparison of
ECso values showed that the potency of NECA to evoke
glucose production was about 168-fold greater than that of
CGS21680 (Fig. 2A).

In this experiment, the total amount of glucose released
into the medium was simultaneously monitored and was al-

most identical with the decrease in glycogen content in the
hepatocytes. The basal glycogen content was 36.26 & 3.30
(ng glucose/well). The potency of these adenosine agonists in
increasing glucose production was very similar to that in
decreasing the glycogen content (Fig. 2B). The ECsos of
NECA, RPIA and CGS21680 calculated from the maximum
response in terms of glycogen content were 0.08 & 0.04,
0.60 = 0.09 and 13.08 £ 1.67 pM, respectively. These results
support the idea that glucose production induced by these
adenosine agonists is derived from a stimulation of glyco-
genolysis.

3.3. Effects of NECA, RPIA and CGS21680 on gluconeo-
genesis in rat hepatocytes

We next examined the direct activation of the gluconeo-
genic pathway by adenosine agonists by measuring the
incorporation of 'C into ["*C]glucose from ['*C]lactate
(Fig. 2C). NECA, RPIA and CGS21680 evoked ["*C]glu-
cose production in a concentration-dependent manner in rat
hepatocytes. Basal incorporation of ['*C] into glucose from
["*Cllactate as gluconeogenic activity was 2422.4 + 16.9
(dpm/well/4h). Maximal response to NECA, RPIA and
CGS21680 was attained at 10~ * M, and the ECsps of these
agonists calculated from the maximum response were 0.14 +
0.05, 2.74 + 0.48 and 10.41 + 1.88 uM, respectively. Thus,
the rank order of potency for gluconeogenic activity of
adenosine agonists was NECA>RPIA>CGS21680. The rank
order of these agonists for gluconeogenesis was similar to
that for glycogenolysis and also typical for adenosine A,g
receptors.

3.4. Effects of CGS15943, DPCPX, FK453 and CSC on
NECA-evoked glucose production in rat hepatocytes

We tried to examine the effect of adenosine antagonists on
glucose production via NECA-induced glycogenolysis using
an adenosine A, 4 receptor-selective antagonist, CSC (Jacob-
son et al., 1993), an adenosine A; receptor-selective antag-
onist, DPCPX and FK453 (Terai et al., 1995), and a
nonselective adenosine antagonist, CGS15943 (Kim et al.,
1998), in rat hepatocytes (Fig. 3A). The glucose production
stimulated by this submaximal concentration of NECA (0.1
puM) was inhibited by CGS15943, DPCPX, FK453 and CSC
in a concentration-dependent manner. The ICs¢s of CGS159
43, DPCPX, FK453 and CSC were 0.28 + 0.11, 1.03 + 0.24,
6.59 £ 0.54 and 14.51 &+ 3.96 uM, respectively.

3.5. Correlation between the inhibition of NECA-stimulated
cyclic AMP generation and glucose production in hepato-
cytes

We investigated the correlation between the inhibition of
NECA-stimulated cyclic AMP generation and glucose pro-
duction using various adenosine antagonists, i.e., CGS159
43, DPCPX, FK453 and CSC in hepatocytes (Fig. 3B).
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Cyclic AMP formation and glucose production in hepato-
cytes induced by 0.1 uM NECA were inhibited in the
presence of selective and nonselective antagonists of adeno-
sine A, A,p and A,p receptors. The rank order of pICsq
(—1log(ICsg)) values for cyclic AMP formation was
CGS15943 (7.83 + 0.10)>DPCPX (7.49 + 0.08)>FK453
(6.19 £ 0.06)>CSC (5.91 £ 0.05). The rank order of pICsq
values for glucose production was CGS15943 (6.61 £
0.15)>DPCPX (6.02 + 0.12)>FK453 (5.18 &+ 0.04)>CSC
(4.87 £ 0.11).

A strong correlation was found between the inhibitory
effect of adenosine antagonists on NECA-stimulated cyclic
AMP generation and glucose production in hepatocytes
(r=0.99, P<0.05). These results suggest that cyclic AMP
is the main second messenger leading to glycogenolysis and
gluconeogenesis mediated through the adenosine A,p recep-
tor subtype in rat hepatocytes.
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Fig. 3. Effects of adenosine receptor antagonists on NECA-stimulated glu-
cose production in rat hepatocytes. (A) CGS15943 (O), DPCPX (W), FK453
(A) and CSC (@) and 0.1 pM NECA was simultaneously added to rat
hepatocytes and incubated for 1 h. The antagonistic effect is expressed as a
percentage of the response induced by 0.1 pM NECA. The values are
expressed as a percentage of the response to 100 pM NECA. Each point
represents the mean + S.E.M. of three experiments in triplicate. (B) Corre-
lation between inhibitory effect of adenosine antagonists on 0.1 uM NECA-
induced glucose production and that on intracellular cyclic AMP generation
in rat hepatocytes (r=0.99, P<0.05). The values are expressed as
— log(ICs). Each point represents the mean + S.E.M. of three experiments
in triplicate.
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Fig. 4. Adenosine receptor agonist-stimulated cyclic AMP production in
HepG2 cells. HepG2 cells were incubated with increasing concentrations of
NECA (m), RPIA (@) and CGS21680 (A) for 15 min in the presence of a
phosphodiesterase inhibitor, Ro-20-1724 (100 uM). Cyclic AMP content
was determined with an enzyme immunoassay kit from Amersham. Each
point represents the mean + S.E.M. of three experiments in triplicate.

3.6. Effects of NECA, RPIA and CGS21680 on cyclic AMP
generation in HepG?2 cells

The stimulatory effects of the adenosine agonists, NECA,
RPIA and CGS21680, on cyclic AMP generation were
investigated in HepG2 cells, human hepatocyte cell lines
(Fig. 4). Basal accumulation of cyclic AMP was 56.2 £ 9.90
(pmol/mg protein). NECA stimulated cyclic AMP genera-
tion in a dose-dependent manner in HepG2 cells. When the
cyclic AMP level in response to 100 pM NECA was chosen
as the maximal response for calculating ECs, values, the
ECso of NECA calculated from the maximum response was
1.25 + 0.18 pM, whereas 100 uM RPIA or CGS21680 did
not elicit such a response. The cyclic AMP levels in response
to 100 pM RPIA and 100 uM CGS21680 were only 48.8%
and 27.0% of that produced by 100 uM NECA, respectively.
Therefore, the rank order of potency was NECA>R-
PIA>CGS21680. This rank order is also typical for adeno-
sine A,p receptors.

4. Discussion

The adenosine receptor subtypes mediating glucose pro-
duction derived from glycogenolysis and gluconeogenesis
were studied in primary cultured rat hepatocytes.

There is evidence that the adenosine A, receptor is
involved in glucose metabolism in rat liver. mRNA for ade-
nosine Aj, Ay, Ay and Aj receptors has been detected in
rat liver by the RT-PCR method (Dixon et al., 1996).
Previous findings raise the possibility that the A, subtype
of adenosine receptor contributes to glycogenolysis and glu-
coneogenesis in rat hepatocytes. However, it was not clear
which subtype of adenosine A, receptor, A5 or Ajg, played
an important role in these processes.
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Our results showed that adenosine and adenosine agonists
stimulated cyclic AMP formation in a dose-dependent man-
ner, most likely through the adenosine A,p receptor subtype
in rat hepatocytes, because the rank order potency was
NECA>RPIA>adenosine>CGS21680.

The existence of the adenosine A,g receptor was first
established by the isolation of a cDNA, designated RFL9,
from rat brain (Stehle et al., 1992). The rank order of potency
of adenosine agonists as inducers of cyclic AMP generation
in RFL9-transfected cells was NECA>RPIA>CGS21680
(Rivkees and Reppert, 1992).

Previous studies also reported that the same rank order of
potency was observed for the human adenosine A,p receptor
that was cloned and transfected in Chinese hamster ovary
(CHO) cells (Alexander et al., 1996) and an endogenous
adenosine A, receptor expressed in HEK293 cells (Cooper
et al., 1997). The lack of activity of the selective adenosine
A, agonist, CGS21680, is an accepted indication of the
absence of an adenosine A, receptor in other experiments
(Lupica et al., 1990; Feoktistov and Biaggioni, 1993; Pellet-
ier et al., 2000).

Our results showed that a nonselective adenosine agonist,
NECA, evoked glucose production more potently than did
RPIA and CGS21680 in primary cultured rat hepatocytes.
This result supports that glucose production is stimulated via
the adenosine A,p receptor. In this study, the total amount of
glucose released from hepatocytes was identical to the
decrease in glycogen levels in rat hepatocytes, suggesting
that glucose production caused by adenosine agonists was
derived from glycogenolysis.

Furthermore, we directly tried to evaluate the effect of
adenosine agonists on gluconeogenesis from ['*C]lactate as
a substrate in rat hepatocytes after a 4-h incubation. Gluco-
neogenesis from ['*C]lactate was evoked in a dose-depend-
ent manner with the rank order of potency of NECA>RPIA>
CGS21680.

The rank order of adenosine agonists (NECA>RPIA>
CGS21680) involved in glycogeolysis and gluconeogenesis
was the same as that observed in previous studies character-
izing the adenosine A receptor (Alexander et al., 1996;
Cooper et al., 1997). These results strongly suggested that
adenosine stimulated glycogenolysis and gluconeogenesis
via the adenosine A,p receptor in primary cultured rat hepa-
tocytes.

The rank order of potency to inhibit glucose production
found in our study was CGS15943>DPCPX>FK453>CSC.
The very low inhibitory potency of FK453 and CSC sug-
gested that the adenosine receptor subtype that contributed to
glucose production elicited by adenosine agonists was not
the A; or A, subtype. DPCPX fully inhibited the glucose
production caused by NECA in rat hepatocytes, although
DPCPX has been regarded as adenosine A; receptor antag-
onist. However, previous studies reported that DPCPX had a
moderate affinity for the adenosine A,p receptor with suf-
ficient potency to inhibit NECA-stimulated cyclic AMP pro-
duction in human adenosine A, receptor-expressing HEK2

93 and CHO.K1 cells (Cooper et al., 1997; Klotz et al., 1998;
Pelletier et al., 2000). In addition, it was reported that
CGS15943 has a high affinity for adenosine A, Aya, Asp
and Aj receptors (Kim et al., 1998). These results also sug-
gest that adenosine-stimulated glucose production occurs via
the adenosine A, receptor, and not the A; or A,4 subtype.

Previous studies indicate that the intracellular cyclic AMP
level is one of the second messengers of the signal trans-
duction pathway leading to glycogenolysis and gluconeo-
genesis stimulated by adenosine in hepatocytes (Hoffer and
Lowenstein, 1986). We tried to examine a correlation
between cyclic AMP levels and glucose production caused
by 0.1 uM NECA, using various adenosine receptor antag-
onists (CGS15943, DPCPX, FK453 and CSC) in hepato-
cytes. Our results showed that there was a strongly positive
correlation between inhibitory effect of adenosine antago-
nists on NECA-induced glucose production and that on
intracellular cyclic AMP generation in rat hepatocytes. These
data suggested that inhibition of NECA-induced cyclic AMP
generation by adenosine antagonists had an inhibitory effect
on glucose production through adenosine A, receptors in
rat hepatocytes.

Our data suggested that 100 uM CGS21680 caused
glucose production comparable with the NECA-induced ma-
ximal response in spite of a relatively low level of cyclic
AMP in hepatocytes. One possible explanation is that
adenosine agonists contribute to glucose production derived
from glycogenolysis and gluconeogenesis via another sec-
ond messenger besides cyclic AMP in hepatocytes. The most
likely candidate is Ca”*, because adenosine increases the
intracellular Ca® " level in hepatocytes, and the stimulation of
glycogenolysis is suppressed in hepatocytes incubated in
Ca®"-free medium (Tinton et al., 1996). Previous studies
reported that adenosine increased intracellular Ca® " levels
through adenosine A,p receptors in human erythroleukemia
cells (Feoktistov et al., 1994). It is likely that the increase in
intracellular Ca’ " levels through the adenosine A,p receptor
subtype in response to adenosine causes glucose production
in hepatocytes.

In this study, we did not examine the possibility that
adenosine A receptors were present, although it has been
reported that the adenosine Az receptor is present in rat
hepatocytes (Dixon et al., 1996). However, it is unlikely that
glucose production elicited by adenosine agonists is medi-
ated through adenosine Aj receptors because this receptor is
known to be resistant to xanthine antagonists such as
DPCPX even at concentrations of 10 and 100 pM (Van
Galen et al., 1994), and the rank order of potency for rat
adenosine Aj receptor agonists was RPIA=NECA>CGS21
680 (Zhou et al., 1992). In the present study, 10 utM DPCPX
completely inhibited NECA-stimulated glucose production
and the rank order of potency of glucose production in
response to adenosine agonists was NECA>RPIA>CGS216
80, supporting the idea that the adenosine Aj; receptor
subtype is not involved in adenosine-mediated glucose pro-
duction.
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In the present study, we showed that adenosine agonists
stimulated cyclic AMP production in HepG2 cells, a human
hepatocyte cell line. The results were very similar to those
for rat hepatocytes and the rank order was NECA>RPIA>C
GS21680. This is the typical for adenosine A,p receptors.
These results suggested the possibility that adenosine could
regulate glucose metabolism in the human liver.

The role of adenosine in glucose metabolism has been
discussed by many researchers. In vivo studies have shown
that the administration of adenosine and adenosine agonists
elevates blood glucose levels (Bacher et al., 1982; Raberger
et al., 1980), suggesting that adenosine stimulates glucose
production in the liver or suppresses glucose utilization by
peripheral tissues (Challiss et al., 1992). However, there is
little clear evidence to show whether adenosine influences
either of or both. Our results suggest that the effect of adeno-
sine was, at least in part, due to stimulation of glucose pro-
duction through glycogenolysis and gluconeogenesis in the
rat liver.

We speculate that an adenosine antagonist may block
hyperglycemia by inhibition of glucose production and
improve insulin resistance in the liver in diabetes. Indeed,
we recently reported that adenosine antagonists possessing
A,p antagonism decreased blood glucose levels in KKAY
mice, an animal model of non-insulin-dependent diabetes
mellitus (Harada et al., 2001), although the subtype selec-
tivity of adenosine antagonists on the anti-hyperglycemic
effect remains to be investigated in more detail. It is also
possible that the adenosine A, receptor plays an important
role in glucose metabolism and insulin action in the liver in
type II diabetes.

In conclusion, our results indicate that adenosine stimu-
lated cyclic AMP formation and caused glycogenolysis and
gluconeogenesis, most likely via the adenosine A,p receptor
subtype in primary cultured rat hepatocytes. Therefore, the
possibility arises that adenosine regulates glucose metabo-
lism via the adenosine A,p receptor subtype in the normal
physiological state, as well as in pathological states such as
ischemia and diabetes.

References

Akahane, A., Katayama, H., Mitsunaga, T., Kita, Y., Kusunoki, T., Terai, T.,
Yoshida, K., Shinokawa, Y., 1996. Discovery of FK453, a novel non-
xanthine adenosine A, receptor antagonist. Bioorg. Med. Chem. Lett. 6,
2059-2062.

Alexander, S.P.H., Cooper, J., Shine, J., Hill, S.J., 1996. Characterization of
the human brain putative A,p adenosine receptor expressed in Chinese
hamster ovary (CHO.A,p 4) cells. Br. J. Pharmacol. 119, 1286—1290.

Bacher, S., Kraupp, O., Conca, W., Raberger, G., 1982. The effects of
NECA (adenosine-5-N-ethylcarboxamide) and of adenosine on gluca-
gon and insulin release from the in situ isolated blood-perfused pancreas
in anesthetized dogs. Naunyn-Schmiedeberg’s Arch. Pharmacol. 320,
67-71.

Bartrons, R., Schaftingen, E.V., Hers, H.G., 1984. The ability of adenosine
to decrease the concentration of fructose 2,6-bisphosphate in isolated
hepatocytes. Biochem. J. 218, 157—163.

Buxton, D.B., Fisher, R.A., Robertson, S.M., Olson, M.S., 1987. Stimula-
tion of glycogenolysis and vasoconstriction by adenosine and adenosine
analogues in the perfused rat liver. Biochem. J. 248, 35—41.

Challiss, R.A., Richards, S.J., Budohoski, L., 1992. Characterization of the
adenosine receptor modulating insulin action in rat skeletal muscle. Eur.
J. Pharmacol. 226, 121-128.

Ciaraldi, T.P., Gilmore, A., Olefsky, J.M., Goldberg, M., Heidenreich, K.A.,
1990. In vitro studies on the action of CS-045, a new antidiabetic agent.
Metabolism. 39, 1056—1062.

Collis, M.G., Hourani, M.O., 1993. Adenosine receptor subtypes. Trends
Pharmacol. Sci. 14, 360—366.

Cooper, J., Hill, S.J., Alexander, S.P.H., 1997. An endogenous A, adeno-
sine receptor coupled to cyclic AMP generation in human embryonic
kidney (HEK 293) cells. Br. J. Pharmacol. 122, 546—-550.

Daly, J.W., Butts-Lamb, P., Padgett, W., 1983. Subclasses of adenosine
receptors in the central nerve system: interaction with caffeine and re-
lated methylxanthine. Cell. Mol. Neurobiol. 3, 69—80.

Dixon, A.K., Gubitz, A.K., Sirinathsinghji, D.J.S., Richardson, P.J., Free-
man, T.C., 1996. Tissue distribution of adenosine receptor mRNAs in the
rat. Br. J. Pharmacol. 118, 1461—1468.

Feoktistov, 1., Biaggioni, 1., 1993. Characterization of adenosine receptors in
human erythroleukemia cells and platelets: further evidence for heteroge-
neity of adenosine A, receptor subtypes. Mol. Pharmacol. 43, 909—-914.

Feoktistov, 1., Biaggioni, 1., 1997. Adenosine A,p receptors. Pharmacol.
Rev. 49, 381-402.

Feoktistov, 1., Murray, J.J., Biaggioni, 1., 1994. Positive modulation of intra-
cellular Ca® " levels by adenosine A, receptors, prostacyclin, and pros-
taglandin E, via a cholera toxin-sensitive mechanism in human erythro-
leukemia cells. Mol. Pharmacol. 45, 1160—-1167.

Harada, H., Asano, O., Hoshino, Y., Yoshikawa, S., Matsukura, M., Kaba-
sawa, Y., Niijima, J., Kotake, Y., Watanabe, N., Kawata, T., Inoue, T.,
Horizoe, T., Yasuda, N., Minami, H., Nagata, K., Murakami, M., Na-
gaoka, J., Kobayashi, S., Tanaka, 1., Abe, S., 2001. 2-Alkynyl-8-aryl-9-
methyladenines as novel adenosine receptor antagonists: their synthesis
and structure—activity relationships toward hepatic glucose production
induced via agonism of the A(2B) receptor. J. Med. Chem. 44, 170—179.

Hoffer, L.J., Lowenstein, J.M., 1986. Effects of adenosine and adenosine
analogues on glycogen metabolism in isolated rat hepatocytes. Biochem.
Pharmacol. 35, 4529-4536.

Jacobson, K.A., Nikodijevic, O., Padgett, W.L., Rodriguez, C.G., Maillard,
M., Daly, J.W., 1993. 8-(3-Chlorostyryl)caffeine (CSC) is an adenosine
A, selective antagonist in vitro and in vivo. FEBS Lett. 323, 141—144.

Jarvis, M.F., Schulz, R., Hutchison, A.J., Do, U.H., Sills, M.A., Williams,
M., 1989. [3H]CG521680, an adenosine A, receptor selective agonist
directly labels A,-receptors in rat brain. J. Pharmacol. Exp. Ther. 251,
888—-893.

Kim, Y.C., de Zwart, M., Chang, L., Moro, S., von Frijtag Drabbe Kunzel,
J.K., Melman, N., I[jzerman, A.P., Jacobson, K.A., 1998. Derivatives of
the triazoloquinazoline adenosine antagonist (CGS 15943) having high
potency at the human A,g and Aj receptor subtypes. J. Med. Chem. 41,
2835-2845.

Klotz, K.N., Hessling, J., Hegler, J., Owman, C., Kull, B., Fredholm, B.B.,
Lohse, M.J., 1998. Comparative pharmacology of human adenosine
receptor subtypes—characterization of stably transfected receptors in
CHO cells. Naunyn-Schmiedeberg’s Arch. Pharmacol. 357, 1-9.

Lohse, M.J., Klotz, K.N., Fotinos, J.L., Reddington, M., Schwabe, U., Oles-
son, R.A., 1987. 8-Cyclopenthyl-1,3-dipropylxanthine (DPCPX)—a se-
lective high affinity antagonist radioligand for A; adenosine receptors.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 336, 204—210.

Lohse, M.J., Klotz, K.N., Schwabe, U., Cristalli, G., Vittori, S., Grifantini,
M., 1988. 2-Chloro-N°-cyclopentyladenosine: a highly selective agonist
at A, adenosine receptors. Naunyn-Schmiedeberg’s Arch. Pharmacol.
337, 687—-689.

Lupica, C.R., Cass, W.A., Zahniser, N.R., Dunwiddie, T.V., 1990. Effects
of adenosine A, receptor selective agonist CGS21680 on in vitro elec-
trophysiology, cyclic AMP formation and dopamine release in rat hip-
pocampus and striatum. J. Pharmacol. Exp. Ther. 252, 1134—1141.



166 N. Yasuda et al. / European Journal of Pharmacology 459 (2003) 159166

Molde’us, P., Hogberg, J., Orrenius, S., 1978. Isolation and use of liver
cells. Methods Enzymol. 52, 60—71.

Oetjen, E., Schweickhardt, C., Unthan-Fechner, K., Probst, 1., 1990. Stim-
ulation of glucose production from glycogen by glucagon, noradrenalin
and non-degradable adenosine analogues is counteracted by adenosine
and ATP in cultured rat hepatocytes. Biochem. J. 271, 337-344.

Pelletier, S., Dube, J., Villencuve, A., Gobeil, J.F., Bernier, S.G., Battistini,
B., Guillemette, G., Sirois, P., 2000. Adenosine induces cyclic AMP
formation and inhibits endothelin-1 production/secretion in guinea-pig
tracheal epithelial cells through A,p adenosine receptors. Br. J. Pharma-
col. 129, 243-250.

Pierce, K.D., Furlong, T.J., Selbie, L.A., Shine, J., 1992. Molecular cloning
and expression of an adenosine A, receptor from human brain. Bio-
chem. Biophys. Res. Commun. 187, 86-93.

Pina, M.Z., Cruz, A.D., Guinzberg, P.R., Pina, E., 1989. “Hormone-like”
effect of adenosine and inosine on gluconeogenesis from lactate in
isolated hepatocytes. Life Sci. 45, 2269—-2274.

Raberger, G., Benke, T., Kraupp, O., 1980. The effect of adenosine-5"-ethyl-
carboxamide on liver blood flow and hepatic glucose, lactate and pyr-
uvate balances in dogs. Naunyn-Schmiedeberg’s Arch. Pharmacol. 314,
281-284.

Reddi, A.S., Jyothirmayi, G.N., 1992. Effect of chronic metformin treat-

ment on hepatic and muscle glycogen metabolism in KKAY mice. Bio-
chem. Med. Metabol. Biol. 47, 124—132.

Rivkees, S.A., Reppert, S.M., 1992. RFL9 encodes an Ajg-adenosine re-
ceptor. Mol. Endocrinol. 6, 1598—1604.

Stehle, J.H., Rivkees, S.A., Lee, J.J., Weaver, D.R., Deeds, J.D., Re-
ppert, S.M., 1992. Molecular cloning and expression of the cDNA
for a novel Aj-adenosine receptor subtype. Mol. Endocrinol. 6,
384-393.

Terai, T., Kita, Y., Kusunoki, T., Shimazaki, T., Ando, T., Horiai, H.,
Akahane, A., Shiokawa, Y., Yoshida, K., 1995. A novel non-xanthine
adenosine A; receptor antagonist. Eur. J. Pharmacol. 279, 217-225.

Tinton, S.A., Chow, S.C., Buc-Calderon, P.M., Kass, G.E., 1996. Adenosine
stimulates calcium influx in isolated rat hepatocytes. Eur. J. Biochem.
238, 576-581.

Van Galen, P.J.M., Van Bergen, A.H., Rodriguez, C.G., Melman, N., Olah,
M.E.,, Ijzerman, A P, Stiles, G.L., Jacobson, K.A., 1994. A binding site
model and structure—activity relationships for the rat A; adenosine re-
ceptor. Mol. Pharmacol. 45, 1101-1111.

Zhou, Q.Y., Li, C.Y., Olah, M.E., Johnson, R.A., Stiles, G.L., Civelli,
0., 1992. Molecular cloning and characterization of an adenosine
receptor: the Aj adenosine receptor. Proc. Natl. Acad. Sci. U. S. A.
89, 7432-7436.



	Introduction
	Materials and methods
	Animals
	Rat hepatocyte culture
	Cyclic AMP assay with rat hepatocytes
	Glucose production in rat hepatocytes
	Glycogen content in primary cultured rat hepatocytes
	Gluconeogenesis from [14C]lactate in rat hepatocytes
	Cyclic AMP assay in HepG2 cells
	Data analysis
	Chemicals and drugs

	Results
	Effects of adenosine, NECA, RPIA and CGS21680 on cyclic AMP generation in rat hepatocytes
	Glycogenolytic effects of NECA, RPIA and CGS21680 in rat hepatocytes
	Effects of NECA, RPIA and CGS21680 on gluconeogenesis in rat hepatocytes
	Effects of CGS15943, DPCPX, FK453 and CSC on NECA-evoked glucose production in rat hepatocytes
	Correlation between the inhibition of NECA-stimulated cyclic AMP generation and glucose production in hepatocytes
	Effects of NECA, RPIA and CGS21680 on cyclic AMP generation in HepG2 cells

	Discussion
	References

