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Abstract Reduced proliferation potential is among other T cell functional defects long known feature of diabetes.
However, the mechanism responsible for this impairment is still unknown. Our study was undertaken to investigate the
effect of changes in glucose and insulin concentrations on adenosinemetabolism, transport and receptor-mediated action
in rat T lymphocytes. Presented results indicate that vulnerability of T cells tometabolic stress is determined by insulin but
not by glucose concentration. However, glucose and insulin differentially affected the activities of adenosine
metabolizing enzymes in resting and proliferating T cells. The Con A-induced proliferation of cultured T lymphocytes
did not depended on expression level and functional state of nucleoside transporters. Inhibition of adenosine kinase (AK)
with 5-iodotubercidin lowers the proliferation potential of T cells to the level observed for insulin-deprived cells.
Moreover, insulin-deprived T lymphocytes but not cells cultured in the presence of insulin released significant quantities
of adenosine. Under resting conditions, the cAMP level was fivefold higher in cells deprived of insulin comparing to cells
cultured in thepresenceof insulin. Expositionof insulin-deprivedT lymphocytes to specific antagonist (ZM241385) ofA2a
receptor but not to specific antagonist (Alloxazine) of A2b receptor suppressed cAMP elevation and completely restored
the proliferation potential of T cells. Concluding, adenosine released by insulin-deprived T cells due to suppressed AK
activity by acting onA2a receptors leads to increases in cAMP level and suppression of T cell proliferation.Weassume that
this mechanism may significantly contribute to immune impairment observed in diabetes. J. Cell. Biochem. 96: 1296–
1310, 2005. � 2005 Wiley-Liss, Inc.
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INTRODUCTION

Several aspects of immunity are altered in
diabetic patients. Clinical observations indicate
that diabetic patients are more vulnerable to
some specific infections (mostly caused by
bacteria and fungi) and ultimate complications
[Joshi et al., 1999]. Since, cell-mediated immu-
nity is mediated by T lymphocytes (beside
macrophages) its prolonged suppression could

account for impaired host defense against
intracellular pathogens such bacteria and
fungi. Studies on human peripheral blood
mononuclear cells from diabetic patients
demonstrated decreased basal production of
cytokines [Kaye et al., 1986; Pickup et al.,
2000]. Moreover, diabetic patients display sup-
pressed proliferative response of T cells to the
primary protein antigens [Schloot et al., 1997;
Eibl et al., 2002]. It was reported that IL-2 is
unable to restore the decreased proliferative
response of diabetic lymphocytes to phytohe-
magglutinin (PHA) [Chang and Shaio, 1995].
Authors of that report suggested that the
impaired proliferation of lymphocytes in dia-
betic patients might be the result of reduced
percentage of interleukin-2-receptor-bearing
cells together with decreased expression of
complement receptor CR-3. Nevertheless, the
mechanisms responsible for impaired lym-
phocyte proliferation in diabetic patients are
largely unclear.
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Cell proliferation is associated with activa-
tion ofmultiple biochemical activities necessary
for membrane lipid biosynthesis, protein glyco-
sylation, RNA, and DNA synthesis. These
biochemical processes require appropriate fuel
supply in order to proceeds.Recent evidencehas
shown that the rate of glucose and glutamine
oxidation was significantly decreased in dia-
betic rat lymphocytes [Otton et al., 2002]. This
may lead to impairment in energy provision
especially under conditions of increased energy
consumption and elevation of nucleotides cata-
bolites level including adenosine.
The importance of adenosine for the function

of the immune system has been documented by
many experimental and clinical observations
[Birch and Polmar, 1982; Hershfield, 2005].
Adenosine can affect T-lymphocyte activation,
proliferation, cytokine production, and cell
mediated cytolysis [Wolberg et al., 1975; Dos-
Reis et al., 1986; Antonysamy et al., 1995;
Apasov et al., 1995]. Under normal conditions
adenosine metabolism and transport processes
maintain its local concentration relatively con-
stant. Previously we reported that the expres-
sion levels of nucleoside transporters in T
lymphocytes isolated from diabetic rat were
significantly altered concomitantwith impaired
adenosine transport [Sakowicz et al., 2004].
Moreover, the expression level of adenosine
kinase (AK) was greatly reduced in diabetic T
cells [Pawelczyk et al., 2003]. In this report we
demonstrate that rat T lymphocytes cultured
under conditions of insulin deprivation are
more vulnerable to metabolic stress than nor-
mal cells and release under metabolic load
increased quantities of adenosine, which sup-
press Con A-induced proliferation of T cells.

MATERIALS AND METHODS

Reagents

Histopaque-1077, insulin, penicillin, strepto-
mycin, glucose, nitrobenzyltioinosine, adeno-
sine, Con A, RPMI-1640 medium, nonselective
A2 receptor antagonist 3,7-dimethyl-1-propar-
gylxanthine (DPMX), and the selective A2b
antagonist Alloxazine were obtained from
Sigma-Aldrich Sp. z o.o. (Poznan, Poland). The
selective A2a antagonist 4-(2-[7-amino-2-(2-
furyl)[1,2,4-a][1,3,5]triazin-5-ylamino]ethyl)-
phenol (ZM 241385) was purchased from Tocris
Bioscence (Nortpoint, UK). 5-Iodotubercidin
was from ICN Pharmaceuticals (Irvine, CA).

[3H] thymidine was from Amersham (Buckin-
ghamshire, England). [8-14C] adenine was from
Moravek Biochemicals, Inc., (Brea, CA). TLC
sheets DCAlufolienKieselgel 60 F254 were from
Merck Sp. z o.o. (Warsaw, Poland). Fluorescein
conjugate mouse anti rat CD2[LFA-2] clone
OX-34 was from Chemicon International
(Hofheim, Germany). Fluorescein conjugate
mouse anti rat CD3 clone G4.18 was from BD
Bioscences (Heidelberg, Germany).

Cells and Culture Conditions

T cells were isolated from male Wistar rat
spleen as described previously [Sakowicz et al.,
2004]. Briefly, mononuclear cells were isolated
by centrifugation of the cell suspension through
Histopaque-1077 at 700g for 30 min at room
temperature. The cellswere then separated into
adhesive and nonadhesive by the panning
method [Severson et al., 1987] relying on incu-
bation (1 h at 378C) of cell suspension in the
presence of 3% BSA in plastic bottles with
surface for adhesive cells (Sarstedt AG & Co.,
Numbrecht, Germany). Following incubation,
the nonadhesive cells were collected by centri-
fugation and suspended in RPMI-1640 medium
supplemented with penicillin (100 U/ml), strep-
tomycin (100 mg/ml), and 10% fetal bovine
serum. The cells were analyzed for surface
phenotype by flow cytometry. The nonadherent
fraction (T cells) contained 92%–97% CD2
(OX-34) and 86%–90% CD3 (G4.18) positive
cells. Thenumber of viable cellswas determined
by Trypan Blue dye exclusion. Only cell pre-
parations with a 95% viability or greater were
used. Cells were cultured in flat-bottomed
culture bottles in humidified atmosphere con-
taining 5% CO2 at 378C at a density of 0.5–
1� 106 cells/ml in a total volume of 6 ml RPMI-
1640 medium supplemented with antibiotics
(at concentrations as stated above) and 10%
fetal bovine serum, and containing glucose and
insulin at concentration and for the time
detailed in the figure legends.

Ex vivo Proliferation Assay

For proliferation assays the purified cells
were cultured at concentration of 4–8� 105

cells/ml for 48 h in RPMI-1640 medium at
glucose and insulin concentrations as indicated.
The inhibitors and adenosine receptors antago-
nists were added at concentrations and for time
duration as indicated in figure legends. On the
third day T cells were stimulated with Con A at
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the indicated concentrations for 48 h and then
counted. The number of viable cells for each
condition was measured by trypan blue exclu-
sion with a hemocytometer. In order to analyze
the effect of Con A on DNA synthesis, the
medium was replaced (after 48 h) by the
same medium containing 1 mCi/ml [H3]-thymi-
dine and the cells were incubated for 8 h, and
then harvested by centrifugation. The cells
were washed three times with PBS and the
radioactivity was measured using Wallac 1409
liquid-scintillation counter.

Measurement of Purine Nucleotides
Level in the Cells

The level of ATP, ADP, and AMP in the cells
was determined by HPLC using PerkinElmer
Instrument consisting of the Series 200 LC
pump, the 2001c Autosampler, the series 200
Diode Array Detector II set for 254 nm, and the
TotalChrom Client/Server. The nucleotides
were separated on Supelcosil LC-18-T 5 mm
column (25 cm� 0.45 cm). The column was
washed with 50 mM sodium phosphate buffer,
pH 6.0, containing 4 mM tetrabutylammonium
hydrogen sulfate and eluted with linear gradi-
ent from 0% to 30% methanol over 3 ml (flow
rate 1.2 ml/min).

Measurement of ATP Catabolism
and Adenosine Release

In order to evaluate the adenosine release
during ATP catabolism cells were first incu-
bated for 1 h with 10 mCi of [8-14C]adenine
to label intracellular ATP. After 1 h the cells
were washed with fresh growth medium and
resuspended in glucose-free growth medium
(106 cells/0.1 ml) and incubated in the presence
of 5 mM 2-deoxyglucose. At appropriate (indi-
cated on Figures) time points 200 ml of cell
suspension was withdrawn, centrifuged and
resulting supernatant (culture medium) and
pellet (cells) were extracted with 0.4 M per-
chloric acid. Obtained perchloric acid extracts
were neutralized and purine compounds were
separated on silica gel (with fluorescent indica-
tor) aluminum plate. In order to localize the
purine compounds on the same place together
with analyzed sample, purine nucleotides (ATP,
ADP, AMP) or adenosine, inosine, and hypox-
anthine standards were spotted. For nucleo-
tides separation the plate was developed in 1,4
dioxane/25% ammonia/water (6:1:3.8 v/v/v/v).
For separation of purine nucleosides and bases

theplatewasdeveloped inbutan-1-ol/methanol/
ethyl acetate/ammonia (7:3:4:4, v/v/v/v). Purine
compounds were located under UV, the spots
were cut out and the radioactivity was counted.

Measurement of Enzyme Activities

The cells (40� 106) were suspended in 0.5 ml
of 50 mM Tris-HCl buffer, pH 7.2, containing
0.2 mM Pefabloc SC, and 5 mM leupeptin, and
sonicated (2� 10 s). Resulting cell extract was
centrifuged at 50,000g for 45 min, and obtained
supernatant was stored at �208C as the cyto-
solic fraction. The sediment from 50,000g cen-
trifugation was washed twice by suspension in
homogenization buffer. The pellet was finally
suspended in homogenization buffer containing
0.2% Triton X-100 and homogenized. The
resulting homogenate was used as membrane
fraction. The enzymes activities were assayed
as described previously [Pawelczyk et al., 1992].
The activities of 50-nucleotidase (50-NT), adeno-
sine deaminase (ADA), and AMP deaminase
were measured spectrophotometrically with
100 mM AMP as substrate. The activity of AK
was assayed by the radiochemical method with
1 mMadenosine as substrate. All enzyme assays
were done under conditions where the product
formation was linear with time and with the
amount of added protein during consumption
of up to 20% of the substrate. The enzyme
activities were measured at 258C.

Real-time PCR Analysis

The levels of nucleoside transporters tran-
scripts were analyzed by real-time PCR per-
formed in a Light Cycler 2.0 (Roche,Mannheim,
Germany) using the Light Cycler DNA SYBR
Green IKit. The reactionmixture contained 2 ml
Master Mix, 1 pmol of each primer, and 1 ml of
cDNA. For b-actin cDNA amplification GAAA-
TCGTGCGTGACATTAAG (forward) and CTA-
GAAGCATTTGCGGTGGA (reverse) primers
were used. This pair of primers based on cDNA
sequences from GenBank; accession number
NM031144. For rENT1 cDNA amplification
CCCTGGTAAGGTGGAGA TGG (forward) and
GCCACTGAGGAAGAGGGTGCTG (reverse)
primers were used. For rENT2 cDNA amplifi-
cation CTTCTTCATTACCGCCATCCCG (for-
ward) and GCCACTGAGGAAGAGGGTGCTG
(reverse) primers were used. For rCNT2 cDNA
amplification GGAGCTCATGGAAG TCGGA-
AC (forward) and CCATGA ACACCCTCT-
TAAGCCA (reverse) primers were used. The
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rENT1, rENT2, and rCNT2 primers were based
on cDNA sequences from GenBank; accession
number AF015304, AF015305, and U66723,
respectively. As negative controls water and
yeast tRNAwas runwith every PCR. In order to
control the PCR product melting curve analysis
was performed. The ratio of b-actin and AR was
calculated for each sample. Analysis of the data
was done using Light Cycler software 4.0.

Statistical Analysis

The statistical analysis was carried out using
the STATISTICA 5PL statistical package (Stat-
Soft). Statistical significance was determined
using the t-test. P values below 0.05 were con-
sidered as significant.

RESULTS

ATP Catabolism and Release
of Purine Nucleosides

In T lymphocytes ATP seems to be the major
source for adenosine formation, therefore, we
determined the level of adenine nucleotides in
cells cultured at different glucose and insulin
concentrations. The insulin concentration in
the culture medium supplemented with 10%
fetal bovine serum was in the range of 1–
3� 10�11 M. Our experiments indicated (not
shown) that at such a low concentration insulin
has no effect on any measured parameters,
therefore, hereafter cells cultured in medium
containing 10% fetal bovine serum are consid-
ered as cells cultured in the absence of insulin.
The levels of ATP, ADP, and AMP in T cells
cultured in the absence of insulin were slightly
lower than levels of these nucleotides deter-
mined in cells cultured in the presence of insulin
irrespectively of glucose concentration, but
these differences were not significant statisti-
cally (Table I).

In order to examine the influence of glucose
and insulin on the rate of ATP degradation
induced by metabolic stress the cells were
labeled with [8-14C]adenine. After 1 h incuba-
tion, the radioactivity was almost exclusively
(more than 90%) incorporated into ATP (not
shown). ADP and AMP contained less than 8%
of radioactivity. There were no significant
differences in the levels of radiolabeled ATP in
cells cultured at low and high glucose irrespec-
tively of insulin presence (Fig. 1). To study the
effect ofmetabolic stress onATP catabolism, the
cells were transferred to appropriate (with or
without insulin) glucose-deficient RPMI med-
ium and after 1 h incubation ATP degradation
was induced by addition of 2-deoxyglucose
(5 mM). During the first 10 min from addition
of 2-deoxyglucose, the decline rate of cellular
ATP level was significantly faster in cells
cultured originally in the absence of insulin
irrespective of glucose concentration (Fig. 1). In
10 min after addition of 2-deoxyglucose about
60% and 80% of ATP was degraded in cells
cultured in the presence and absence of 10 nM
insulin, respectively. During incubation of T
cells under noninduced conditions (first hour)
there was no detectable adenosine, and very
small level of inosine, and hypoxanthine in
incubation medium containing 10 nM insulin,
whereas, significant quantities of adenosine
were detected in medium containing no insulin
(Fig. 2). Accelerated ATP catabolism induced by
2-oxoglucosewasaccompaniedbyappearance of
adenosine, inosine, and hypoxanthine in cell
culture medium. There were marked differ-
ences between the cell cultures in the amount
and ratio of these nucleosides and base genera-
tion. The levels of adenosine, inosine, and
hypoxanthine measured in incubation medium
of cells cultured in the absence of insulin rose
significantly faster and to the higher levels then

TABLE I. Purine Nucleotides Levels in Cultured Rat T Lymphocytes
Under Resting Conditions

Culture conditions

ATP ADP AMP

(nmol/106 cells)

5 mM glucose, 10 nM insulin 1.51� 0.12 0.17� 0.05 0.08�0.02
5 mM glucose, no insulin 1.42� 0.11 0.16� 0.03 0.07�0.02
20 mM glucose, 10 nM insulin 1.38� 0.10 0.14� 0.04 0.06�0.01
20 mM glucose, no insulin 1.33� 0.10 0.13� 0.02 0.06�0.02

T lymphocytes were cultured for 2 days in medium containing glucose and insulin at concentrations as
indicated. No insulin refers to concentration lower than 2� 10�11 M. On third day cells (60� 106) were
harvested and nucleotides were determined by HPLC as described in ‘‘Materials and Methods.’’ The data
represent the mean�SD from three independent experiments.
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levels of these compounds in medium of cells
cultured in the presence of 10 nM insulin
irrespectively of glucose concentration (Fig. 2).
These results indicated that vulnerability of T
cells to metabolic stress evaluated by the rate of
ATP level decline and adenosine outflow from
the cell is determined by insulin presence but
not by glucose concentration.

Glucose and Insulin Differentially Affect the
Activities of Adenosine Metabolizing Enzymes in

Resting and Proliferating T Lymphocytes

Under resting conditions total (measured in
whole cell lysate) activity of adenosine deami-
nase (ADA) increased in cells cultured at high
glucose concentration irrespectively of insulin

Fig. 1. 2-deoxyglucose-induced ATP degradation in rat T
lymphocytes. T lymphocytes were cultured for 2 days in
medium containing 5 mM glucose and 10 mM insulin (A), or in
medium containing 5 mM glucose and no insulin (B), or
in medium containing 20 mM glucose and 10 nM insulin (C),
or in medium containing 20 mM glucose and no insulin (D). No
insulin refers to concentration less than 2�10�11 M. On third
day cells were labeled with [8-14C]adenine as described in
‘‘Materials and Methods.’’ After washing out unincorporated

radioactivity the cells were transferred to the glucose-free culture
medium, with (A, C) or without (B, D) 10 nM insulin and
incubated for 1 h. After that time 2-deoxyglucose was added to
culture medium to reach 5 mM concentration. At indicated
times, 2�106 cellswerewithdrawnand the level of radioactivity
in purine nucleotides was analyzed by TLC as described in
‘‘Materials and Methods.’’ The data represent the mean� SD
from three independent experiments. (*) P<0.05 versus (5 mM
glucþ Ins); (**) P<0.05 versus (20 mM glucþ Ins).
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presence (Table II). However, the activity of
ADA in cytosolic fraction of T cells cultured at
high glucose concentration (20 mM) was not
changed and the observed increases in ADA
activity originated from membrane fraction
where ADA activity raised twofold. Similar
increase (twofold) in activity of ecto 500-nucleo-
tidase were observed in membranes of T cells
cultured at high glucose concentration but this
was not associated with statistically significant

increases in total activity of 50-nucleotidase (50-
NT) (Table II). Activity of AK was the only
enzymatic activity dependent on insulin pre-
sence. T lymphocytes cultured in medium with-
out insulin displayed 70%–75% reduction inAK
activity compared to cells incubated in the
presence of 10nM insulin irrespective of glucose
concentration (Table II).

It was reported previously that stimulation
of human T lymphocytes with PHA leads to

Fig. 2. Outflow of purine nucleosides and bases from T
lymphocytes during 2-deoxyglucose-induced ATP degradation.
T lymphocytes were cultured for 2 days in medium containing:
5 mM glucose and 10 nM insulin (A); 5 mM glucose and no
insulin (B); 20mMglucose and10nM insulin (C); 20mMglucose
and no insulin (D). No insulin refers to concentration less than
2� 10�11 M. On third day cells were labeled with [8-14C]ade-
nine as described in ‘‘Materials andMethods.’’ After washing out
unincorporated radioactivity the cells were transferred to the

glucose-free culture medium (12�106 cells/ml), with (A, C) or
without (B,D) 10 nM insulin and incubated for 1 h. After that time
2-deoxyglucose was added to reach 5 mM concentration. At
indicated times, 200 ml of the culture medium was withdrawn
and the level of radioactivity in adenosine, inosine, and
hypoxanthine was analyzed by TLC as described in ‘‘Materials
andMethods.’’ Thedata represent themean� SD from four (A, B)
and three (C, D) independent experiments. (*) P< 0.05 versus
(5 mM glucþ Ins); (**) P< 0.05 versus (20 mM glucþ Ins).
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alteration of several pathways of nucleotide
metabolism and to changes in activities of
adenosine metabolizing enzymes [Snyder et al.,
1976; Barankiewicz and Cohen, 1987]. There-
fore, in our experiments we examined the
impact of various glucose and insulin concen-
trations on activities of enzymes metabolizing
adenosine in proliferating T lymphocytes. In
Con A-induced T cells changes in the activities
of investigated enzymes depended on glucose
and insulin concentrations in the culture
medium. The cytosolic activity of 50-NT
decreased significantly in cells proliferating in
the presence of 5mMglucose and 10nM insulin,
whereas in membrane fraction its activity
raised (Table II and III). On the other hand, no
changes in 50-NT activity were observed in cells
proliferating in the absence of insulin regard-
less of glucose concentration. The activity of
AMP deaminase increased in proliferating T
cells regardless insulin and glucose concen-
trations. Comparing to nonproliferating cells
(Table II) therewasno change in activity ofADA
in cells proliferating in the presence of insulin
irrespective of glucose concentration (Table III).
In the absence of insulin cytosolic activity of
ADA decreased in proliferating T cells. On the
other hand, ADA activity in the membrane

fraction of cells proliferating in the absence of
insulin depended on glucose concentration.
During T cells proliferation activity of AK did
not changed regardless insulin and glucose
concentrations (Table III).

Proliferation Potential of T Lymphocytes
Depends on Insulin Presence but not

on Glucose Concentration

In order to asses the impact of changes in
glucose and insulin concentration on prolifera-
tion potential of T cells we stimulated cultured
cells with various concentrations of Con A.
Performed experiments showed that T cells
cultured in the absence of insulin in response
to stimulation by Con A proliferate less than
cells cultured in the presence of 10 nM insulin
irrespective of glucose concentration (Fig. 3A).
Although, in the absence of insulin we observed
slightly lower proliferation rate (�10%) of cells
cultured at 20 mM glucose comparing to cells
cultured at 5 mM glucose but this difference
did not reach the statistical significance. The
maximal effect of insulin on Con A-induced
T cells proliferation was observed at 10 nM
concentration, and only slight increase in pro-
liferation rate was seen with 100 nM insulin
(Fig. 3B).

TABLE II. Differential Effect of Insulin and Glucose on Adenosine Metabolizing Enzymes in
Cultured Rat T Lymphocytes

Enzyme

Enzyme activity (nmol/min/mg)a

5 mM glucose,
10 nM insulin

5 mM glucose,
no insulin

20 mM glucose,
10 nM insulin

20 mM glucose,
no insulin

50-nucleotidase
Total 2.61�0.40 2.70� 0.36 3.12� 0.44 3.20� 0.48
Cytoplasm 2.46�0.37 2.31� 0.41 2.43� 0.34 2.53� 0.36
Membranes 0.24�0.05b,c 0.29� 0.08b,c 0.66�0.18d,e 0.57� 0.15d,e

AMP deaminase
Total 9.13�1.34 10.25� 2.04 11.08�2.73 12.19� 2.61
Cytoplasm 8.27�1.29 9.11� 1.46 8.92� 2.04 11.41� 2.48
Membranes ND ND ND ND

Adenosine deaminase
Total 90.41� 6.08b,c 93.76�5.82b,c 108.31� 5.10d,e 113.73� 5.71d,e

Cytoplasm 80.23� 5.31 79.41� 4.22 83.25�4.94 85.05� 4.80
Membranes 9.07�1.16b,c 11.32�1.29b,c 18.50� 1.86d,e 21.21�2.53d,e

Adenosine kinase
Total 29.37�2.14c,e 8.44�0.73b,d 30.17� 1.97c,e 7.86�0.54b,d

Cytoplasm 27.91�1.90c,e 7.61�0.52b,d 29.93� 1.18c,e 7.32�0.49b,d

Membranes ND ND ND ND

T lymphocytes were cultured for 2 days in medium containing glucose and insulin at concentrations as indicated. No insulin refers to
concentration lower than 2�10�11M.On third day cells (50�106) were harvested and enzymes activities inwhole homogenates (total)
and cytosolic and membrane fractions were determined as described in ‘‘Materials and Methods.’’ The data represent the mean�SD
from five independent experiments.
aEnzymes activities are presented in nmol/min/mg of total protein (�23�106 cells).
bP<0.05 versus (20 mM glucose, 10 nM insulin).
cP< 0.05 versus (20 mM glucose, no insulin).
dP<0.05 versus (5 mM glucose, 10 nM insulin).
eP<0.05 versus (5 mM glucose, no insulin).
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Proliferation of T Lymphocytes Does Not
Depend on Nucleoside Transporers

Previously we have reported that the expres-
sion level of nucleoside transporters (NT) is
altered in diabetic rat T lymphocytes leading to
decreased adenosine uptake by these cells
[Sakowicz et al., 2004]. In the present study
we examined the impact of alterations in NT
expression level on proliferation rate of T cells.
Rat T lymphocytes express ENT1, ENT2, and
CNT2 transporter. Expression of ENT1 is inhi-
bited by high glucose concentration but is not
influenced by insulin, which suppresses expres-
sion of CNT2 and stimulates expression of
ENT2 transporter (Fig. 4A). During T cell pro-
liferation the expression level of ENT2 did not
change regardless of insulin and glucose con-
centration. Expression of CNT2 decreased by
�50% in cells proliferating in medium with no
insulin irrespective of glucose concentration,
whereas 50% decrease of ENT1 expression was
observed in T cells proliferating in high glucose
medium regardless of insulin concentration
(Fig. 4B). Comparison of T cells proliferation
rate with changes in the expression level of NT
showed that there was no relation between
these two processes. T lymphocytes cultured in

the presence of insulin (10 nM) and low (5 mM)
or high (20 mM) glucose displayed the same
proliferation potential (Fig. 5) despite signifi-
cant changes in NT expression level (Fig. 4).
Previously we have demonstrated that overall
adenosine uptake by T cells cultured at 5 mM
glucose and 10 nM insulin was twofold higher
than adenosine uptake by cells cultured at
20 mM glucose and 10 nM insulin [Sakowicz
et al., 2004]. On the other hand, adenosine
uptake by T cells cultured at 20 mM glucose in
the presence or absence of insulinwas the same,
whereas here we demonstrate that the prolif-
eration rate of cells cultured at 20 mM glucose
depended on insulin (Fig. 5). Moreover, the
presence of 1 mM NBTI (an inhibitor of ENT1)
in the incubation medium have no effect on T
cells proliferation rate (Fig. 5) despite signifi-
cant decreases in adenosine uptake [Sakowicz
et al., 2004]. These results suggested that other
factors thanalteredNT function are responsible
for impaired proliferation of T lymphocytes
deprived of insulin.

T Cell Proliferation Depends on
Adenosine Kinase Activity

Our experiments showed that Con A-induced
T cells proliferation depends on insulin but not

TABLE III. Con A-induced Changes in Activities of Adenosine Metabolizing Enzymes in
Cultured Rat T Lymphocytes

Enzyme

Enzyme activity (nmol/min/mg)a

5 mM glucose,
10 nM insulin

5 mM glucose,
no insulin

20 mM glucose,
10 nM insulin

20 mM glucose,
no insulin

50-nucleotidase
Total 1.61� 0.36c,e,f 2.79� 0.43b,d 1.82�0.44c,e,f 3.11� 0.48b,d

Cytoplasm 0.76� 0.28c,e,f 2.45� 0.47d 0.97�0.34c,e,f 2.38� 0.32b,d

Membranes 0.64� 0.13c,f 0.31� 0.09b 0.69� 0.15c 0.54� 0.14c

AMP deaminase
Total 12.66�1.72c,e,f 15.16�1.81b,f 16.02�1.64f 17.69� 2.20b,f

Cytoplasm 11.51�1.34c,e,f 14.11�1.52b,f 15.82�1.73b,f 16.53� 1.84b,f

Membranes ND ND ND ND
Adenosine deaminase

Total 87.31� 5.10c,e 68.21�4.61b,d,f 102.04�5.73b,c,e 71.24� 5.28b,d,f

Cytoplasm 78.23� 4.74c,e 53.15�4.17b,d,f 79.28� 4.61c,e 61.11� 4.17b,d,f

Membranes 9.50� 1.32 10.79� 1.29 19.62� 1.72b,c,e 8.42� 1.21f

Adenosine kinase
Total 30.62� 2.71c,e 9.18�0.73b,d 32.17� 2.82c,e 8.65� 0.43b,d

Cytoplasm 28.80� 2.12c,e 8.64�0.64b,d 30.33� 2.36c,e 8.13� 0.51b,d

Membranes ND ND ND ND

T lymphocytes were cultured for two days inmedium containing glucose and insulin at concentrations as indicated. No insulin refers to
concentration lower than2�10�11M.On the third dayT cellswere stimulatedwithConA (2.5mg/ml) andafter 48h the cells (�50� 106)
were harvested and enzymes activities in whole homogenates (total) and cytosolic and membrane fractions were determined as
described in ‘‘Materials and Methods.’’ The data represent the mean�SD from four independent experiments.
aEnzymes activities are presented in nmol/min/mg of total protein (�23� 106 cells).
bP< 0.05 versus (5 mM glucose, 10 nM insulin).
cP<0.05 versus (5 mM glucose, no insulin).
dP< 0.05 versus (20 mM glucose, 10 nM insulin).
eP< 0.05 versus (20 mM glucose, no insulin).
fP< 0.05 versus cells not induced with Con A.
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glucose concentration (Fig. 3). On the other
hand among investigated enzymes AK is the
only enzyme in T cells, which activity depended
on insulin but not on glucose concentration
(Table II). Therefore we examined the impact of
changes in AK activity on T cells proliferation.
In our experiments we used 5-iodotubercidin
(IT) a specific inhibitor of AK [Wiesner et al.,
1999]. Including of 0.5 mM IT in the culture

Fig. 3. The insulin and glucose effect on ConA-induced
proliferation of rat T lymphocytes. T cells isolated from normal
rat were cultured as described under ‘‘Materials and Methods’’
for 2days in themediumcontaining: (A) 5mMglucoseand10nM
insulin (5 mM glucþ Ins); 5 mM glucose and no insulin (5 mM
gluc); 20 mM glucose and 10 nM insulin (20 mM glucþ Ins); 20
mM glucose and no insulin (20 mM gluc); (B) no serum and at
glucose and insulin concentrations as indicated. Concentration
(10�11 M) of insulin determined in RPMI medium supplemented
with 10% fetal bovine serum. On the third day T cells were
stimulated with Con A at concentrations as indicated (A) or 2.5
mg/ml (B) and after 48 h the number of viable cells was
determined as described in ‘‘Materials and Methods.’’ The data
represent the mean� SD from five (A) or three (B) independent
experiments. (*) P<0.05 versus (5 mM glucþ Ins); (#) P< 0.05
versus (10�7 M insulin).

Fig. 4. Differential effect of insulinandglucoseonexpressionof
nucleoside transporters in rat T lymphocytes. T cells isolated from
normal rat were cultured as described under ‘‘Materials and
Methods’’ for 2 days in the medium containing: 5 mM glucose
and 10 nM insulin (5 mM glucþ Ins); 5 mM glucose and no
insulin (5 mM gluc); 20 mM glucose and 10 nM insulin (20 mM
glucþ Ins); 20 mM glucose and no insulin (20 mM gluc). No
insulin refers to concentration lower than 3�10�11 M. On third
day: cells were harvested and levels of NT mRNAs were
determined by real-time PCR as described in Materials and
Methods (A); or 2.5 mg/ml Con A was added and cells were
cultured for 24 h and then harvested and NTmRNAs levels were
determined (B). Each NT mRNA level in part B is presented as %
of mRNA level under resting conditions (showed in part A). The
data represent the mean� SD from six (A) or three (B)
independent experiments. (*) P< 0.05 versus (5 mM glucþ Ins).
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medium reduced (within 1 h) the activity of AK
by 95% in cells cultured at 5mMglucose and the
presence of 10 nM insulin (not shown). The
inhibitory effect of single addition of IT to the
culture medium sustained at least over 60 h
however, during this time AK activity slowly
increasedandat 24h reached20%of theactivity
measured in cells cultured without IT (Fig. 6).
Conducted experiment showed that inhibition
of AKactivity in cells cultured in the presence of
10 nM insulin lowered the proliferation poten-
tial of these cells to the same level as cells
cultured without added insulin regardless of
glucose concentration (Fig. 6).

Adenosine Receptors and
Proliferation of T Cells

Results of conducted experiments suggested
that observed impaired T cells proliferation
could be the receptor-mediated effect of adeno-
sine. In order to examine the involvement of

Fig. 5. The effect of ENT1 inhibition on Con A-induced
proliferation of rat T lymphocytes. T cells isolated from normal
rat were cultured as described under ‘‘Materials and Methods’’
for 2 days in the medium containing glucose and insulin at
indicated concentrations.Where 10nM insulinwas not added its
concentration was lower than 2� 10�11 M. On third day 2.5 mg/
mlConAwas addedand after 48 h the number of viable cellswas
determined as described in ‘‘Materials and Methods.’’ The NBTI
was added 1 h before Con A. The data represent the mean� SD
from four independent experiments. (*) P<0.05 versus (5 mM
glucþ Ins).

Fig. 6. Impact of adenosine kinase inhibition on rate of ConA-
induced T lymphocytes proliferation. T cells isolated from
normal rat were cultured as described under ‘‘Materials and
Methods’’ for 2 days in the medium containing: 5 mM glucose
and 10 nM insulin (5 mM glucþ Ins); 5 mM glucose, 10 nM
insulin and 0.5 mM 5-iodotubercidin (5 mM glucþ Insþ IT);
20 mM glucose, 10 nM insulin and 0.5 mM 5-iodotubercidin
(5mMglucþ Insþ IT); 20mMglucoseand10nMinsulin (20mM
glucþ Ins); 20 mM glucose and no insulin (20 mM gluc). On the
third day T cells were stimulatedwith Con A at concentrations as
indicated (A) and after 48 h the number of viable cells was
determined as described in ‘‘Materials andMethods.’’B: Activity
of AK was determined in cells cultured for 2 days at insulin,
glucose and IT at concentrations as indicated. The insulin
concentration determined in RPMI medium not supplemented
with 10 nM insulin was 2�10�11 M. The data represent the
mean� SD from five (A) or six (B) independent experiments. (*)
P<0.05 versus (5 mM glucþ Ins).
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adenosine receptors (AR) in alteration of T cells
proliferation we used specific AR antagonists.
Exposition of cells proliferating in medium
containing 20 mM glucose and no insulin to
DPMX (1 mM ), a nonselective A2 receptor
antagonist slightly increased the proliferation
rate of T cells, but this increase was insignif-
icant statistically (Fig. 7). Alloxazine (1 mM),
which is relative specific antagonist of A2b
receptor, had no effect on T cells proliferation
rate. On the other hand, including into culture
medium ZM241385 (1 mM) a selective antago-
nist of A2a receptor completely restored the
proliferation potential of T cells (Fig. 7). More-
over, the presence of 1 mM ZM241385 but not
Alloxazine or DPMX prevented the increases in
cAMP level seen in cells cultured in the absence
of insulin (Fig. 8). Under resting conditions, the
cAMP level was fivefold higher in cells cultured
at 20 mM glucose and the absence of insulin
(concentration of insulin<3� 10�11M) compar-

ing to cells cultured at 20 mM glucose and
the presence of 10 nM insulin. During Con
A-induced proliferation the level of cAMPraised
threefold in T cells proliferating in the absence
of insulin but not in cells cultured in the pre-
sence of 10 nM insulin (Fig. 8).

In summary, results of our experiments
showed that impaired proliferation of rat T
lymphocytes cultured under conditions of insu-
lin deprivation result from suppressed expres-
sion of AK what in turn leads to increased
release of adenosine from the cell. Released
adenosine by acting on A2a receptor induces
cAMP production and suppresses proliferation
of T cells (Fig. 9).

DISCUSSION

The proliferative response of T cell to patho-
gens is a crucial step in cell-mediated immunity.
Proliferation of activated T cells is associated

Fig. 7. Identification of A2a receptor as the adenosine receptor
responsible for suppression of T cell proliferation. Cells were
cultured for 2 days at 20 mM glucose and 10 nM insulin (20 mM
glucþ Ins) or 20 mM glucose and no insulin (20 mM gluc). No
insulin refers to concentration lower than 3�10�11 M. On the
third day cells were induced to proliferation by addition of ConA
and after 48 h the number of viable cells was determined as
described in ‘‘Materials andMethods.’’Onehour before addition
of Con A cells were exposed to 1 mM ZM241385 (specific A2a
receptor antagonist), or 1 mM Alloxazine (specific A2b receptor
antagonist), or 1 mMDPMX (nonspecificA2 receptor antagonist).
The data represent the mean� SD from four independent
experiments. (*) P<0.005 versus (20 mM glucþ10 nM Ins).

Fig. 8. Changes of cAMP level in Con A-induced T lympho-
cytes. T Cells were cultured as described under ‘‘Materials and
Methods’’ for 2 days in the medium containing 20 mM glucose
and 10 nM insulin (20 mM glucþ Ins) or 20 mM glucose and no
insulin (20 mM gluc). No insulin refers to concentration lower
than 3� 10�11 M. On the third day cells cultured in the medium
containing 20 mM glucose and no insulin were exposed to 1 mM
ZM241385 (20 mM glucþZM241385) or 1 mM Alloxazine
(20 mM glucþAlloxazine), or 1 mM DPMX (20 mM glucþ
DPMX) and after 1 h incubationwere induced to proliferation by
addition 2.5 mg/ml Con A. At indicated time points cells were
separated from the culture medium and cellular cAMP was
determined as described in ‘‘Materials and Methods.’’ The data
represent the mean� SD from four independent experiments. (*)
P<0.05 versus (20 mM glucþ Ins); (**) P< 0.05 versus (time 0).
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with DNA and RNA synthesis, and stimulation
of de novo purine and pyrimidine synthesis
pathways [Shambaugh and Blumenschein,
1974; Fairbanks et al., 1995]. Although, resting
human lymphocytes display very low de novo
nucleotide biosynthesis, this process is acti-
vated 30–500 times during proliferation
[Marijnen et al., 1989]. Studies with the use of
specific inhibitors of purine and pyrimidine
nucleotide synthesis demonstrated that deple-
tion of nucleotide pool affect cell-cycle pro-
gression, clonal expansion, differentiation, and
survival of T lymphocytes [Turka et al., 1991;
Laliberte et al., 1998; Quemeneur et al., 2004].
Previous reports showed that inhibition of
pyrimidine nucleotide synthesis abrogated pro-
gression of cell cycle from early to late S phase
[Quemeneur et al., 2003]. On the other hand,
depletion of purine nucleotides resulted in
arresting of activated T cells in the G1 phase of
the cell cycle [Turka et al., 1991; Laliberte et al.,
1998]. The level of nucleotide pool in the cell
depends on the rate of nucleotide utilization
and synthesis. Our results presented in this
report indicate that the level of purine nucleo-
tides did not differ significantly in cells deprived
of insulin and cultured at high glucose com-
paring to cells cultured at low glucose concen-
tration and the presence of insulin (Table I).
This indicates that under resting conditions

the nucleotide conserving system is able to
maintain equally well constant nucleotide
pool in both types of T cell cultures. However,
the 2-deoxyglucose-induced fall in ATP level
proceeded faster in T cells cultured at high
glucose and the absence of insulin indicating
some impairment in the nucleotide preserving
system.

Cell proliferation is associated with increases
in energy consumption designated for synthesis
of nucleic acid precursors and other biochemical
activities therefore proliferating cell may be
considered as being under metabolic stress
conditions. During metabolic stress the effi-
ciency of nucleotide synthesis depends not only
on de novo synthetic routes but also on salvage
reactions, which require far less energy than
does de novo synthesis. The phosphorylation of
adenosine to AMP catalyzed by AK would be
considered as such a reaction. Lowered AK
activity resulted from decreased expression of
AK gene was observed in lymphocytes isolated
from diabetic rat [Pawelczyk et al., 2003].
Decreased activity of AK in diabetic T lympho-
cytes may result in lowering the AMP-adeno-
sine turnover and lead to increase of adenosine
level in the cell. Despite the low rate of AMP-
adenosine substrate cycle in T lymphocytes
[Szondy and Newsholme, 1989] pharmacologi-
cal blockade of AK activity was demonstrated to
induce adenosine release from T cells [Baran-
kiewicz et al., 1990]. Our results presented in
this report indicate that under metabolic stress
conditions T cells cultured at high glucose and
the absence of insulin release higher quantities
of adenosine comparing to cells cultured at low
glucose and the presence of insulin.

The way of adenosine outflow from T cells
cultured at high glucose and the absence of
insulin is unclear. The activity of equilibrative
transport systembywhich thenucleoside canbe
transported out of the cell is lowered by 60% inT
lymphocytes cultured at high glucose and the
absence of insulin [Sakowicz et al., 2004].
However, it is possible that this residual activity
of nucleoside transport system is still sufficient
to move adenosine out of the cell. It is also
possible that there are other routes by which
adenosine can leave the cell. Cells possess
various efflux transporters includingmultidrug
resistant (MDR) channels. Among several pro-
teins able to bind and transport drugs at the
expense of ATP hydrolysis the P-glycoprotein
(P-gp) is able to transport a vide range of

Fig. 9. The postulated mechanism leading to suppression of T
lymphocyte proliferation under condition of insulin deprivation.
A2a-AR, adenosine receptor type A2a; 50-NT, 50-nucleotidase;
AK, adenosine kinase; Ado, adenosine; ADA, adenosine
deaminase; Ino, inosine.
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neutral compounds [Borst et al., 2000]. Other
efflux proteins like organic anion transporters
(OAT) are also capable to mediate either the
exchange or the facilitated transport of several
nucleoside analogues [Pastor-Anglada et al.,
2005]. It was reported that rat OAT1 is capable
to mediate high-affinity transport (Km in the
range 50–250 mM) of several pyrimidine and
purine nucleoside analogs that possess no
typical anionic moiety [Wada et al., 2000].
Nevertheless, data presented in this report
indicate that rat T lymphocytes cultured under
diabetic-like conditions are more vulnerable to
metabolic stress than normal cells and release
under metabolic load increased quantities of
adenosine.

Itwas reported previously that activation and
proliferation of macrophages was highly depen-
dent on nucleoside transporters [Soler et al.,
2001]. Our experiments demonstrated that
proliferation potential of T lymphocytes cul-
tured at low glucose was impaired to the same
extend as that of T cells cultured at high glucose
despite significant changes in nucleoside trans-
porters expression level.Moreover, inhibiting of
nucleoside transport with NBTI did not affect
the proliferation rate of T lymphocytes indicat-
ing that T cells proliferation is highly indepen-
dent on nucleoside transporters functional
state.

Decreased activity of AKwas common feature
of T cells cultured in the absence of insulin
regardless of glucose concentration. Moreover,
we demonstrated that by changing the activity
of AK we could manipulate the proliferation
rate of T lymphocytes independently on the cell
growing conditions. This indicates that lowered
activity of AK is the crucial factor responsible
for decreased proliferation potential of insulin
deprived T lymphocytes. However, it should be
noted that during proliferation of insulin
deprived T cells the cytosolic activity of ADA
decreased (Table III), what might additionally
contribute to increases in adenosine level in the
cell. The results described here indicate that
adenosine released by activated diabetic T
lymphocytes inhibits cell proliferation by acting
onA2a receptorswhat in turn leads to increases
in cAMP level. To date in T lymphocytes ex-
pression of A1, A2a, A2b, and A3 have been
demonstrated [Koshiba et al., 1999; Mirabet
et al., 1999; Gessi et al., 2004; Zhang et al.,
2004]. However, the expression level of parti-
cular adenosine receptor depends on subtype of

T lymphocyte and state of the cell. In human
both CD4þ and CD8þ cells express the A3
receptor, but during proliferation its expression
level raises only in the CD4þ cells [Gessi et al.,
2004]. TheA2b receptorwas shown tobe equally
expressed in the CD4þ and CD8þ human cells
[Mirabet et al., 1999]. It was reported that in
human lymphocytes the expression level of A2a
adenosine receptor is much higher in T cells
than in B cells [Koshiba et al., 1999]. Moreover,
not all T cells possess this type of adenosine
receptor. Only 22% of human CD4þ cells and
12% of CD8þ cells expressed A2a receptor.
There is no data on distribution of A2a receptor
in rat lymphocytes, but it might be assumed
that not all subtypes of rat T cells express this
type of adenosine receptor. Therefore, the
percentage of rat T cells bearing A2a receptor
could be mirrored by observed in our ex-
periments 30%–40% suppression of T cell
proliferation.

Reduced proliferation potential is among
other T cell functional defects long known
feature of experimental and human diabetes
[Puxty and Fox, 1984]. However, the mechan-
ism responsible for suppression of diabetic T
cell proliferation is still unknown. Our results
described in this report demonstrate that
adenosine released by insulin deprived T cells
inhibits cell proliferation by acting on A2a
receptors what in turn leads to increases in
cAMP level and suppression of T cell prolifera-
tion. We assume that this mechanism may
significantly contribute to immune impairment
observed in diabetes.
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