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In healthy subjects, paracrine factors partly regulate insulin secretion and basal endogenous glucose production. Adminis-

tration of pentoxifylline, an adenosine receptor antagonist, inhibits transiently endogenous glucose production in healthy

humans without any changes in glucoregulatory hormone concentrations. To evaluate the modulatory role of adenosine on

endogenous glucose production and basal insulin secretion in type 2 diabetes, aminophylline, a potent adenosine receptor

antagonist, was administered intravenously to 5 patients with type 2 diabetes mellitus in a saline-controlled study. Endog-

enous glucose production was measured before and during 6 hours after administration of aminophylline/saline by primed,

continuous infusion of [6,6-2H2]glucose. During both experiments, the decrease in plasma glucose concentration was similar

(16% v 18% from basal, not significant [NS]). After aminophylline administration, basal endogenous glucose production was

transiently inhibited within 15 minutes to 70% from basal, whereas it did not change significantly in the control experiment

(P � .02). The inhibition of glucose production coincided with stimulation of insulin secretion to 144% from basal 90 minutes

after the administration of aminophylline (P � .008). In the control experiment insulin secretion decreased gradually by 29%

during 6 hours. We conclude that aminophylline inhibits endogenous glucose production in type 2 diabetes by stimulation of

insulin secretion. Paracrine factors, such as adenosine, may be involved in the regulation of basal insulin secretion in type 2

diabetes mellitus.

Copyright © 2001 by W.B. Saunders Company

ENDOGENOUS GLUCOSE PRODUCTION is regulated
predominantly by glucoregulatory hormones, mainly in-

sulin, and by substrate supply.1-3 In addition to these major
regulatory mechanisms, in healthy adults, there are indications
that other factors are involved in the modulation of basal
endogenous glucose production, a process frequently referred
to as autoregulation.3 One of these factors involves the inter-
action between hepatocytes and Kupffer cells via mediators,
such as adenosine. Adenosine is released in all tissues, includ-
ing the liver4-7 and the pancreatic islet.7 In vitro, adenosine
stimulates glycogenolysis in hepatocytes8,9 through binding to
the A2 adenosine receptor, whereas in the pancreatic islet,
binding to its A1 purinergic receptor leads to inhibition of
insulin secretion.10,11 In vivo, adenosine antagonists, such as
pentoxyfylline, inhibit basal endogenous glucose production in
healthy humans without changes in glucoregulatory hormone
concentrations.12,13 In the pancreatic islet, aminophylline, an-
other adenosine receptor antagonist, stimulates glucose and
arginine-stimulated insulin release in healthy subjects.14,15

These data indicate that mediators, such as adenosine, are
involved in the regulation of basal endogenous glucose produc-
tion, as well as in regulating stimulated insulin secretion.

In patients with type 2 diabetes mellitus, basal endogenous
glucose production is inappropriately increased, considering

the elevated glucose and insulin concentrations. In addition,
regulation of endogenous glucose production by glucose per se
seems to be impaired in type 2 diabetes mellitus.16 It is cur-
rently unknown whether paracrine factors also influence basal
endogenous glucose production and insulin secretion in pa-
tients with type 2 diabetes mellitus. Therefore, we evaluated the
involvement of adenosine in the regulation of basal insulin
secretion and glucose production in type 2 diabetes by measur-
ing endogenous glucose production during intravenous admin-
istration of aminophylline, an adenosine receptor antagonist, in
a saline-controlled study in 5 patients with type 2 diabetes
mellitus.

MATERIALS AND METHODS

Subjects

Five patients with type 2 diabetes mellitus were studied. Their
clinical characteristics are shown in Table 1.

Their mean glycosylated hemoglobin level was 7.2% � 0.5%. Ex-
cept for the presence of type 2 diabetes, they were otherwise healthy
and taking no other medication known to affect glucose metabolism.
None had been treated with insulin. Oral antidiabetic agents (only
sulfonylurea) were discontinued 72 hours before the start of each study
and reinstated directly after each study. All consumed a weight-main-
taining diet of at least 250 g carbohydrate for 3 days before the study.
Written informed consent was obtained from all the patients. The study
was approved by the Institutional Ethics and Isotope Committees.

Study Design

Each subject served as his or her own control and completed 2 study
protocols separated by at least 2 weeks (Fig 1). On 1 occasion, the
subjects were studied during intravenous administration of aminoph-
ylline and on the other occasion during intravenous administration of
saline (control experiment). The sequence of both studies was deter-
mined by random assignment. The subjects were studied in the post-
absorptive state after a 14-hour fast. A 19-gauge catheter was inserted
in a forearm vein for infusion of [6,6-2H2]glucose. Another 19-gauge
catheter was inserted retrogradely into a wrist vein of the contralateral
arm and maintained at 60°C in a thermoregulated plexiglas box for
sampling of arterialized venous blood.

After obtaining a baseline sample for determination of background
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isotopic enrichment and plasma glucose concentration, a primed, con-
tinuous (0.22 �mol/kg/min) infusion of [6,6-2H2]glucose (99% Isotec,
Miamisburg, OH) dissolved in sterile isotonic saline and sterilized by
passage of the solution through a Millipore filter (0.2 mm, Minisart;
Sartorius, Gottingen, Germany) was started and continued throughout
the study. The priming dose was increased according to the formula
derived by Hother-Nielsen et al17: adjusted prime � normal prime
(17.6 �mol/kg) � [actual plasma glucose concentration (mmol/L)/5 (�
normal plasma glucose)].

Fasting plasma glucose concentration was measured at the bedside
using a Precision Q.I.D.Ô glucometer (Medisense, Abbott Laborato-
ries, Chicago, IL). After 165 minutes of [6,6-2H2]glucose infusion, 3
blood samples were collected at 5-minute intervals for determination of
the plasma glucose concentration and [6,6-2H2]glucose enrichment.
Blood samples for measurement of basal plasma concentrations of
insulin, C-peptide, and counterregulatory hormones were also collected
after 175 minutes of isotope infusion (� 5 minutes before the inter-
vention).

At time � 0, after a 3-hour equilibration period of [6,6-2H2]glucose
infusion, either aminophylline (Euphyllin, Byk, The Netherlands, prim-
ing dose, 5.6 mg/kg infused during 20 minutes followed by 0.45
mg/kg/min) or isotonic saline was administered for 6 hours intrave-
nously. Blood samples for measurement of plasma glucose concentra-
tion, glucose isotopic enrichment, and glucoregulatory hormones were
obtained every 15 minutes for the first 2 hours after the intervention and
every hour thereafter until the end of the studies. Blood samples for free
fatty acids (FFA) were collected at time 0, 45 minutes and 6 hours after
the intervention.

Assays

All measurements were performed in duplicate, and all samples from
each individual subject were analyzed in the same run. The glucose
concentration and [6,6-2H2]glucose enrichment in plasma were mea-
sured by gas chromatography/mass spectrometry using selected ion
monitoring. The method was adapted from Reinauer et al18 using
phenyl-�-D-glucose as internal standard.

Plasma insulin concentration was measured by commercial radioim-
munoassay (RIA) (Pharmacia Diagnostics AB, Uppsala, Sweden), C-
peptide by 125 I-RIA (Byk Santec, Dietzenbach, Germany), plasma
cortisol levels by enzyme-immunoassay on an Immulite analyzer

(DPC, Los Angeles,CA), glucagon by RIA (Linco Research, St.
Charles, MO), and plasma epinephrine and norepinephrine by high-
performance liquid chromatography with fluorescence detection, using
�-methylnorepinephrine as internal standard.

Calculations and Statistics

The rate of endogenous glucose production was calculated by the
non–steady-state equations of Steele19 in their derivative form, since it
is known that in patients with type 2 diabetes, the fasting state is not a
steady state.17 The effective distribution volume for glucose was as-
sumed to be 165 mL/kg.

Results are reported as the mean � SEM. Baseline values for plasma
glucose concentration, [6,6-2H2]glucose enrichment, and endogenous
glucose production are reported as the mean of 3 samples taken at
5-minute intervals. Baseline hormone values are reported as the mean
of the 2 samples taken at t � �5 minutes and t � 0.

Data were analyzed by a 2-sided nonparametric test for paired
samples (Wilcoxon signed-rank test). Data within the groups were
analyzed by analysis of variance (ANOVA) for randomized block
design. A P value less than .05 was considered to represent a statisti-
cally significant difference.

RESULTS

Glucose Kinetics

Basal plasma glucose concentrations were significantly dif-
ferent between the 2 experiments (9.4 � 0.7 mmol/L and 8.2 �
0.5 mmol/L, aminophylline v control) (Fig 2). However, in both
the control experiment, as well as after administration of ami-
nophylline, the decrease in plasma glucose concentration dur-
ing the 6-hour observation period was similar (16% and 18%
from basal, not significant [NS] between both studies).

Basal endogenous glucose production was not significantly
different between the 2 experiments (9.4 � 0.9 �mol/kg/min
and 9.9 � 1.2 �mol/kg/min, aminophylline and control, respec-
tively [NS]). During the control experiment, endogenous
glucose production did not change significantly. Within 15
minutes after starting the administration of aminophylline,

Table 1. Clinical Characteristics

Patient No. Sex/Age (yr) BMI (kg/m2) Glyc Hb (%) FPG (mmol/L) FPI (pmol/L)

1 M/65 28.4 7.8 8.8 75
2 F/54 29.1 8.5 11.0 95
3 F/67 33.2 7.0 8.3 80
4 M/64 32.4 7.1 8.5 210
5 M/69 21.3 5.7 7.6 115

Mean � SE 3/2 63.8 � 2.6 28.9 � 2.1 7.2 � 0.5 8.8 � 0.6 115 � 25

Abbreviations: BMI, body mass index; Glyc Hb, glycosylated hemoglobin; FPG, mean fasting plasma glucose concentration after a 17-hour fast;
FPI, mean fasting plasma insulin after a 17-hour fast.

Fig 1. Study design.
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endogenous glucose production was inhibited transiently to
70% from basal (nadir, 6.6 �mol/kg/min) (P � .02). Subse-
quently, glucose production increased to a maximum of 11.0 �
1.4 �mol/kg/min, 45 minutes after the administration of ami-
nophylline (P � .024 v control).

Hormone Concentrations

Baseline values of insulin, C-peptide, and counterregulatory
hormones were not different between the 2 studies (Figs 3 and
4). In the control experiment, plasma insulin and C-peptide
concentrations decreased gradually in all patients by 28% from
baseline (111 � 26 to 79 � 21 pmol/L, P � .01) and by 32%
from baseline (1,310 � 89 to 884 � 249 pmol/L, P � .001).

After administration of aminophylline, plasma insulin, as
well as C-peptide concentrations, increased in all patients by
44% from baseline (117 � 24 to a maximum at t � 1.5 hours
of 169 � 31 pmol/L, P � .008 v control) and by 24% from
baseline (1,334 � 244 to 1,648 � 245 pmol/L, P � .003). At
the end of the aminophylline study, plasma insulin concentra-
tions were still significantly higher than in the control experi-
ment (114 � 22 v 79 � 21 pmol/L) (P � .008 at t � 6 hours,
aminophylline v control). Plasma C-peptide concentrations de-
clined more rapidly and were not significantly different from

the control experiment at the end of the study (1,168 � 214 v
884 � 244 pmol/L) (P � .06 v control).

Basal plasma levels of glucagon, cortisol, adrenaline, and
noradrenaline were not significantly different between the 2
studies, and no significant differences were observed during
both experiments, although there was a trend for an increase in
plasma cortisol after the start of the aminophylline infusion
(P � .061) (Fig 4).

Basal levels of FFA were not different between the 2 studies
(0.78 � 0.03 v 0.70 � 0.06 mmol/L, aminophylline v control).
During the control experiment, plasma FFA concentrations did
not change significantly (0.78 � 0.03 to 0.88 � 0.08 mmol/L),
whereas during administration of aminophylline, plasma FFA
concentrations increased 33% (to 0.93 � 0.11 mmol/L, P �
.034).

Aminophylline serum concentrations were all in the range of
10 to 20 mg/L at t � 30 minutes, t � 2 hours, as well as at t �
6 hours.

DISCUSSION

Administration of aminophylline to patients with type 2
diabetes mellitus stimulated insulin secretion, reflected in the
increased insulin and C-peptide levels. This was associated

Fig 2. Plasma glucose concentration and endogenous glucose

production during aminophylline (F) and saline (E). *Represents a

statistically significant difference and change between the groups.

Data are expressed as mean � SEM.

Fig 3. Plasma insulin and C-peptide concentrations during ami-

nophylline (F) and saline (E). *Represents a statistically significant

difference between the groups. Data are expressed as mean � SEM.
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with a transient decrease in endogenous glucose production of
30% without affecting plasma glucose concentrations. Because
aminophylline is an adenosine receptor antagonist, these data
indicate that adenosine may inhibit postabsorptive insulin se-
cretion in patients with type 2 diabetes mellitus.

The effects of aminophylline on insulin secretion were de-
scribed in the late 1960s by Cerasi et al.14 Aminophylline,
infused for 1 hour before a glucose infusion test, did not
influence basal insulin secretion, but augmented glucose-in-
duced insulin secretion significantly in a subgroup of healthy
subjects, but not in patients with type 2 diabetes.14 Later,
similar effects of aminophylline on arginine-stimulated insulin
secretion were found by Pontiroli et al15 in healthy subjects.
Recently, adenosine-specific G-protein–linked membrane re-
ceptors with different subtypes, A1,A2a, A2b, and A3, were
found. The subtypes, which are products of separate genes,
differ in their influence on cell metabolism and tissue distribu-
tion.20 In the pancreatic islet, the A1 receptor predominates and
in the liver, the A2 receptor. Whereas A1 and A3 receptors
transduce signals via Gi and Go, the A2 receptor interacts with
Gs. Binding of extracellular adenosine to its receptor may lead
to either inhibition or stimulation of adenylate cyclase, depen-
dent on the tissue of action. Bertrand et al10 proposed that the
physiologic role of adenosine in the pancreatic islet is to
attenuate the amplification of insulin release, induced via cyclic
adenosine monophosphate (cAMP).10 The effect of aminoph-
ylline on basal insulin secretion in vivo in humans has been
studied in healthy subjects in only 3 studies. Cathcart-Rake et
al21 studied 13 healthy subjects during administration of ami-
nophylline with similar plasma aminophylline levels compared
with the present study (10 to 20 �g/mL). They observed small
increases in plasma glucose levels without any changes in
plasma concentrations of insulin or other glucoregulatory hor-
mones.21 In accordance, Jenkins and Marlin22 found no short-

term effect of low-dose aminophylline (30 minutes at an
infusion rate of 0.2 mg/kg/min) on glucose or insulin concen-
trations in 4 healthy volunteers. In contrast, Vestal et al23

studied 6 postabsorptive healthy males during 4 different infu-
sion rates of aminophylline, reaching theophylline concentra-
tions between 4.5 and 20 �g/mL, respectively. They observed
dose-related increases in plasma concentrations of glucose and
insulin.23 Endogenous glucose production was not measured in
any of those studies. Finally, another adenosine receptor antag-
onist, pentoxifylline, did not alter plasma insulin concentrations
during an observation period of 7 hours in healthy subjects.12,13

Thus, in healthy humans, the effects of adenosine-receptor
antagonists on basal insulin are limited. The role of adenosine
thus appears to be different under basal versus insulin-stimu-
lated conditions. We therefore performed these experiments in
patients with type 2 diabetes mellitus, who are characterized by
stimulated basal insulin secretion.

The basal values of glucose production and hormone levels
were similar in both experiments. Plasma glucose levels, how-
ever, were slightly lower in the control experiment. Nonethe-
less, this does not affect our conclusion with respect to the
effect of aminophylline on insulin secretion. During short-term
starvation, insulin secretion decreases in patients with type 2
diabetes24,25 as in healthy subjects, in contrast to the observed
increase in plasma insulin concentrations during aminophylline
infusion found in our postabsorptive patients with type 2 dia-
betes mellitus. In healthy subjects, pentoxyfylline, another
adenosine receptor antagonist, inhibits glucose production
without any effect on plasma glucose concentration or glu-
coregulatory hormones.12,13 In patients with type 2 diabetes
mellitus, the inhibitory effect of aminophylline on basal glu-
cose production was similar to that in healthy subjects, but was
associated with increased insulin levels. Despite a significant
increase in insulin concentrations and transient decrease in the

Fig 4. Plasma glucagon, cor-

tisol, adrenalin, and noradrena-

lin concentrations during ami-

nophylline (F) and saline (E).

*Represents a statistically sig-

nificant difference between the

groups. Data are expressed as

mean � SEM.
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production of glucose, plasma glucose concentrations declined
at a similar rate during aminophylline administration, as during
the control experiment. Apparently, the rate of glucose uptake
decreased in response to aminophylline administration. This is
in accordance with recent in vitro data indicating that adenosine
can stimulate insulin-stimulated glucose uptake26 by enhancing
the increase in GLUT4 at the cell surface of rat skeletal muscle,
a process that can be blocked by administration of adenosine
deaminase.27 Administration of an adenosine receptor antago-
nist, such as aminophylline, can thus increase peripheral insulin
resistance.

Plasma FFA levels increased during aminophylline admin-
istration despite increased insulin levels, increasing peripheral
insulin resistance even further. These observations are in line
with inhibitory effects of adenosine on lipolysis,28,29 as well as
with inhibition of phosphodiesterase by aminophylline.30 In-
creased FFA levels can also result from enhanced lipolysis
through sympathetic stimulation, since adenosine may also
inhibit norepinephrine release from sympathetic nerve end-
ings.31 Plasma norepinephrine levels did not increase signifi-
cantly after aminophylline administration, but it is well known
that these levels markedly underestimate sympathetic activa-
tion. Finally, increasing FFA concentrations have a direct stim-
ulatory effect on insulin secretion.32

Since increasing portal insulin concentrations inhibit basal
glucose production, it is likely that in our patients with type 2
diabetes, the inhibitory effect on glucose production is the
result of stimulation of insulin secretion by aminophylline.
However, the rapid and transient inhibition of glucose produc-
tion did not completely coincide with the increase in insulin
levels, whereas previously in patients with type 2 diabetes, we

observed a close correlation in time between a decrease in
peripheral insulin and C-peptide concentrations and an increase
in glucose production.33 Moreover, aminophylline was found to
induce a decrease in hepatic blood flow,34 which would also
result in sudden changes in percent enrichment and therefore in
calculated rates of endogenous glucose production. Adenosine-
specific receptors, however, are present in the liver. An addi-
tional direct intrahepatic effect of adenosine on basal endoge-
nous glucose production can therefore not be excluded.

This potential inhibitory effect of aminophylline on endog-
enous glucose production in vivo in humans is different from
the stimulatory effect on glucose production found in rats in
vivo. Aminophylline increased hepatic glucose production, as
well as insulin secretion in rats.35 This difference between
humans and rodents suggests interspecies differences in post-
absorptive glucoregulation, a feature that has been documented
with respect to the glucoregulatory effects of another paracrine
mediator, prostaglandines.

Aminophylline appears to have multiple effects and inhibits
phosphodiesterase, in addition to blocking adenosine receptors.
It is unlikely, however, that the inhibition of endogenous glu-
cose production was due merely to inhibition of phosphodies-
terase by aminophylline. For instance, Rizza et al36 showed that
theophylline stimulated rather than inhibited endogenous glu-
cose production in the presence of glucagon in healthy subjects.

In conclusion, aminophylline stimulates insulin secretion
associated with transient inhibition of endogenous glucose pro-
duction in patients with type 2 diabetes mellitus. This obser-
vation indicates that basal insulin secretion is actively inhibited
in patients with type 2 diabetes mellitus by mechanisms that
involve factors, such as adenosine.

REFERENCES

1. Felig P, Sherwin R: Carbohydrate homeostasis, liver and diabe-
tes. Prog Liver Dis 5:149-171, 1976

2. Jahoor F, Peters EJ, Wolfe RR: The relationship between glu-
coneogenic substrate supply and glucose production in humans. Am J
Physiol 258:E288-E296, 1990

3. Muller MJ, Moring J, Seitz HJ: Regulation of hepatic glucose
output by glucose in vivo. Metabolism 37:55-60, 1988

4. Bontemps F, Van den Berghe G, Hers HG: Evidence for a
substrate cycle between AMP and adenosine in isolated hepatocytes.
Proc Natl Acad Sci USA 80:2829-2833, 1983

5. Fredholm BB, Sollevi A: The release of adenosine and inosine
from canine subcutaneous adipose tissue by nerve stimulation and
noradrenaline. J Physiol 313:351-367, 1981

6. Ohisalo JJ: Regulatory functions of adenosine. Med Biol 65:181-
191, 1987

7. Stiles GL: Adenosine receptors. J Biol Chem 267:6451-6454,
1992

8. Hoffer LJ, Lowenstein JM: Effects of adenosine and adenosine
analogues on glycogen metabolism in isolated rat hepatocytes. Bio-
chem Pharmacol 35:4529-4536, 1986

9. Oetjen EC, Schweickhardt K, Unthan-Fechner K, et al: Stimula-
tion of glucose production from glycogen by glucagon, noradrenaline
and non-degradable adenosine analogues is counteracted by adenosine
and ATP in cultured rat hepatocytes. Biochem J 271:337-344, 1990

10. Bertrand G, Petit P, Bozem M, et al: Membrane and intracellular
effects of adenosine in mouse pancreatic beta-cells. Am J Physiol
257:E473-478, 1989

11. Hillaire-Buys D, Chapal J, Bertrand G, et al: Purinergic recep-

tors on insulin secreting cells. Fundam Clin Pharmacol 8:117-127,
1994

12. Corssmit EP, Romijn JA, Endert E, et al: Pentoxifylline inhibits
basal glucose production in humans. J Appl Physiol 77:2767-2772,
1994

13. Corssmit EP, Romijn JA, Endert E, et al: Modulation of glucose
production by indomethacin and pentoxifylline in healthy humans.
Metabolism 45:1458-1465, 1996

14. Cerasi E, Luft R: The effect of an adenosine –3’,5’-monophos-
phate diesterase inhibitor (aminophylline) on the insulin response to
glucose infusion in prediabetic and diabetic subjects. Horm Metab Res
1:162-168, 1969

15. Pontiroli AE, Caviezel F, Alberetto M, et al: Secondary failure
of oral hypoglycaemic agents in lean patients with type 2 diabetes
mellitus: Insulin sensitivity, insulin response to different stimuli, and
the role of cyclic-AMP. Diabetes Metab 18:25-31, 1992

16. Mevorach M, Giacca A, Aharon Y, et al: Regulation of endog-
enous glucose production by glucose per se is impaired in type 2
diabetes mellitus. J Clin Invest 102:744-753, 1998

17. Hother-Nielsen O, Beck-Nielsen H: On the determination of
basal glucose production rate in patients with type 2 (non-insulin-
dependent) diabetes mellitus using primed-continuous 3-3H-glucose
infusion. Diabetologia 33:603-610, 1990

18. Reinauer HF, Gries A, Hubinger A, et al: Determination of
glucose turnover and glucose oxidation rates in man with stable isotope
tracers. J Clin Chem Clin Biochem 28:505-511, 1990

19. Steele R: Influences of glucose loading and of injected insulin on
hepatic glucose output. Ann NY Acad Sci 82:420-430, 1959

1034 PEREIRA ARIAS ET AL



20. Linden J: Structure and function of A1 adenosine receptors.
FASEB J 5:2668-2676, 1991

21. Cathcart-Rake WF, Kyner JL, Azarnoff DL: Metabolic re-
sponses to plasma concentrations of theophylline. Clin Pharmacol Ther
26:89-95, 1979

22. Jenkins CR, Marlin GE: The metabolic actions of intravenous
salbutamol and aminophylline singly and in combination. Br J Clin
Pharmacol 11:197-201, 1981

23. Vestal RE, Eiriksson CEJ, Musser B, et al: Effect of intravenous
aminophylline on plasma levels of catecholamines and related cardio-
vascular and metabolic responses in man. Circulation 67:162-171, 1983

24. Gannon MC, Nuttall FQ, Lane JT, et al: Effect of 24 hours of
starvation on plasma glucose and insulin concentrations in subjects
with untreated non-insulin-dependent diabetes mellitus. Metabolism
45:492-497, 1996

25. Glauber HP, Wallace P, Brechtel G: Effects of fasting on plasma
glucose and prolonged tracer measurement of hepatic glucose output in
NIDDM. Diabetes 36:1187-1194, 1987

26. Vergauwen L, Hespel P, Richter EA: Adenosine receptors me-
diate synergistic stimulation of glucose uptake and transport by insulin
and by contractions in rat skeletal muscle. J Clin Invest 93:974-981,
1994

27. Han DH, Hansen PA, Nolte LA, et al: Removal of adenosine
decreases the responsiveness of muscle glucose transport to insulin and
contractions. Diabetes 47:1671-1675, 1998

28. Heseltine L, Webster JM, Taylor R: Adenosine effects upon

insulin action on lipolysis and glucose transport in human adipocytes.
Mol Cell Biochem 144:147-151, 1995

29. Vannucci GJ, Klim CM, Martin CI, et al: A1-adenosine recep-
tor-mediated inhibition of adenylate cyclase and lipolysis in Zucker
rats. Am J Physol 257:E871-878, 1989

30. Enoksson S, Degerman E, Hagstrom-Toft E, et al: Various
phosphodiesterase subtypes mediate the in vivo antilipolytic effect of
insulin on adipose tissue and skeletal muscle in man. Diabetologia
41:560-568, 1998

31. Linden J: Cloned adenosine A3 receptors, pharmacological
properties, species differences and receptor functions. Trends Pharma-
col Sci 15:298-306, 1994

32. Boden G, Chen X: Effects of fatty acids and ketone bodies on
basal insulin secretion in type 2 diabetes. Diabetes 48:577-583, 1999

33. Pereira Arias AM, Romijn JA, Corssmit EPM, et al: Indometh-
acin inhibits insulin secretion in patients with type 2 diabetes mellitus.
Metabolism 49:839-844, 2000

34. Sacca L, Perez G, Rengo F, et al: Effects of theophylline on
glucose kinetics in normal and sympathectomized rats. Diabetes 24:
249-256, 1975

35. Kisor DF, Wooding-Scott RA: The effect of theophylline on
estimated hepatic blood flow. Pharmacotherapy 10:406-409, 1990

36. Rizza RA, Haymond MW, Gerich JE: Theophylline potentiates
glucagon-induced hepatic glucose production in man but does not
prevent hepatic downregulation to glucagon. Metabolism 31:205-208,
1982

1035AMINOPHYLLINE IN TYPE 2 DIABETES


