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FK506 promotes adenosine release from endothelial cells via inhibition
of adenosine kinase
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Abstract

Ž .The immunosuppressants, cyclosporin A and tacrolimus FK506 induce an increase in plasma levels of adenosine and mimic ischemic
preconditioning. However, the mechanism of action of the two drugs on adenosine metabolism is not clear. Since inhibition of adenosine
kinase promotes an increase in endogenous adenosine release, we tested a hypothesis that FK506 induces adenosine release via inhibition
of adenosine kinase activity. In cultured endothelial cells, FK506 enhanced release of tracer adenosine and inhibited uptake of tracer
adenosine. It also reduced adenosine kinase activity of the cell membrane fraction. In addition, FK506 does not inhibit membrane
transport of tracer adenosine. These observations indicate that FK506 inhibits in situ adenosine kinase activity in endothelial cells. Other
cell signaling inhibitors were found to inhibit adenosine uptake via inhibition of adenosine transport. In conclusion, FK506 promotes
adenosine release from endothelial cells by a novel mechanism involving inhibition of adenosine kinase activity associated with the
membrane. q 2001 Published by Elsevier Science B.V.
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1. Introduction

Recent studies have suggested that the immunosuppres-
Ž .sants, cyclosporin A and tacrolimus FK506 mimic car-

dioprotective effects of ischemic preconditioning. Cy-
closporin A has been shown to preserve post-ischemic left
ventricular function in isolated rat hearts, with inhibition of
mitochondrial ion pore opening in cardiomyocytes impli-

Ž .cated as a mechanism of the action Duchen et al., 1993 .
Cyclosporin A treatment also preserved myocardial func-
tion and nitric oxide production in isolated guinea pig

Žhearts during ischemia–reperfusion Massoudy et al.,
.1997 . In addition, both cyclosporin A and its analog

FK506 have been shown to reduce post-ischemic myocar-
Ždial infarct size in isolated rabbit hearts Weinbrenner et

.al., 1998 . FK506 also improved post-ischemic cardiac
Ž .function in isolated rat hearts Haines et al., 2000 . This

finding raised the possibility of a role for calcineurin, a
known target of both cyclosporin A and FK506. In brain
and liver where both cyclosporin A and FK506 induce
ischemic preconditioning, these drugs reduced infarct size
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Žin animal models of ischemia–reperfusion injury Boche-
len et al., 1999; Garcia-Criado et al., 1997; Toung et al.,

.1999 . However, the mechanisms underlying the protective
effect remain unclear.

Both cyclosporin A and FK506 can induce an increase
in adenosine plasma levels in kidney transplant recipients,
and the plasma levels of cyclosporin A and adenosine are
closely correlated. The mechanism of action of the two
drugs is not clear but a reduction in adenosine uptake by

Ž .red blood cells has been observed Guieu et al., 1998 .
Because adenosine also has a potent immunosuppressive
effect, it has been proposed that endogenous adenosine
action participates in cyclosporin A- and FK506-mediated

Ž .immunosuppression Guieu et al., 1998 . In addition,
Žadenosine is a mediator of ischemic preconditioning Mil-

.lar et al., 1996 , and it also has anti-inflammatory and
Žanti-thrombotic effects Bouma et al., 1997b; Kitakaze et

.al., 1991 . Therefore, it is possible that cyclosporin A- and
FK506-induced organ protection is mediated by endoge-
nous adenosine.

Among the enzymes involved in adenosine metabolism,
adenosine kinase plays an important role in regulating
formation and release of endogenous adenosine in car-

Ždiomyocytes as well as vascular endothelial cells Decking
.et al., 1997; Kowaluk et al., 1998; Smolenski et al., 1994 .
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Inhibition of adenosine kinase increases the extracellular
adenosine level by increasing intracellular adenosine con-
centration and thereby increasing net release of adenosine

Ž .from cells Decking et al., 1997; Gorman et al., 1997 . In
fact, several studies have shown that adenosine kinase
inhibitors have potent anti-inflammatory effects in animal

Žmodels of inflammation Bouma et al., 1997b; Cronstein et
.al., 1995 . In rat models of septic shock, in vivo adminis-

tration of an adenosine kinase inhibitor, GP-1-515 signifi-
cantly reduced mortality, and this beneficial effect was
attributed to A adenosine receptor-mediated endogenous2

adenosine actions, such as decreased pulmonary neutrophil
accumulation and decreased plasma levels of tumor necro-

Ž .sis factor-a Firestein et al., 1994 . Other studies also
demonstrated that GP-1-515 reduced neutrophil degranula-

Ž .tion Bouma et al., 1997a , and neutrophil transmigration
and vascular leakage in a skin model of inflammation in

Ž .vivo Rosengren et al., 1995 . Accordingly, adenosine
kinase is thought to play an important role in regulating
endogenous adenosine release, which in turn regulates a

Žvast array of cellular functions Bouma et al., 1997b;
.Mullane and Bullough, 1995 . Hence, understanding the

biochemical mechanisms involved in the regulation of
adenosine kinase will be important in the development of
therapeutic drugs targeting the adenosine system.

We tested the hypothesis that FK506 induces adenosine
release from cultured endothelial cells via inhibition of
adenosine kinase activity. In the present study, we chose
endothelial cells as a model system because recent studies
suggest that the vascular endothelium is a potentially
important source and target of endogenous adenosine
Ž .Mullane and Bullough, 1995 .

2. Materials and methods

2.1. Materials

ŽRat prostate endothelial cells YPEN-1, ATCC CRL-
.2222 were purchased from American Type Culture Col-

Ž .lection Rockville, MD . We chose YPEN-1 for this study
because we obtained relatively high and easily extractable
adenosine kinase activity from this cell line in our prelimi-
nary experiments. However, these results may be true for
different endothelial cells because similar results were
obtained from cow pulmonary artery endothelial cells
Ž .CPAE, ATCC CCL-209 as indicated in the results. Cells
were serum-starved for 24 h at confluency before experi-
ments unless stated otherwise.

All the cell culture media and reagents were purchased
Ž .from GIBCO BRL Rockville, MD . The immunosuppres-

sants, cyclosporin A, FK506 and rapamycin, and kinase
Ž X .inhibitors, genistein 4 ,5,7-trihydroxyisoflavone ,

Ž Ž . Ž .SB203580 4- 4-fluorophenyl -2- 4-methylsulfinylphenyl -
Ž . . Ž Ž5- 4-pyridyl 1 H-imidazole , SB202190 4- 4-fluoro-

. Ž . Ž . .phenyl -2- 4-hydroxyphenyl -5- 4-pyridyl 1 H-imidazole ,

Ž X X .PD98059 2 -amino-3 -methoxyflavone and wortmannin
Ž .were purchased from Calbiochem San Diego, CA . The

inhibitors of adenosine kinase, 5X-amino-5X-deoxyadenosine
Ž . X Ž ŽNdADO and 5 -iodotubercidin 4-amino-5-iodo-7- b-D-

. w x .ribofuranosyl pyrrolo 2,3-D -pyrimidine were purchased
Ž . Ž .from Sigma St. Louis, MO and RBI Natick, MA ,

respectively. The inhibitors of adenosine transport, dipyri-
Ždamole, and of adenosine deaminase, erythro-9- 2-hy-

. Ž .droxy-3-nonyl adenine EHNA were purchased from
Sigma.

2.2. Preparation of cytosol and crude membrane fractions

Cytosol and membrane fractions were prepared using
slight modifications of previously described methods
Ž .Andres and Fox, 1979; Stokoe et al., 1994 . All proce-
dures were carried out at 4 8C unless stated otherwise.
Cells were grown in P-100 cell culture plates. Confluent
cells were treated with drugs for 30 min in Hank’s bal-

Ž .anced salt solution HBSS at 37 8C. After treatment, cells
were rinsed twice with cold phosphate buffered saline
Ž .PBS and homogenized in cold 10 mM Tris–HC1 solu-
tion using a Polytron homogenizer. The Tris–HC1 solution
contained 30 nM okadaic acid to preserve phosphorylation

Ž .of adenosine kinase Sparks et al., 1998 . The homogenate
was centrifuged for 10 min at 1500=g to remove cell
debris and nuclei. The supernatant was recentrifuged for 1
h at 100,000=g, and the resulting supernatant was used
as a cytosolic fraction. The pellet was rinsed twice and

Žresuspended with a hypotonic buffer 10 mM Tris, 10 mM
.NaCl, 1.5 mM MgCl , pH 7.4 , and homogenized with 302

strokes in a Dounce homogenizer, resulting in the appear-
ance of a particulate solution, which we call the crude
membrane fraction. Adenosine kinase was purified from
the above cytosolic fraction using size exclusion, CM and
DEAE–sepharose ion exchange and AMP affinity chro-
matography according to the method of Andres and Fox
Ž .1979 . After purification, the purity of the enzyme prepa-

Ž .ration was )85% on SDS-PAGE data not shown . Pro-
tein concentration of the enzyme solution was measured
with a Bio-Rad kit making use of the Bradford method.

2.3. Assay of adenosine kinase actiÕity

Activity of the purified adenosine kinase was measured
w14 x w 14 xas generation of C AMP from U- C adenosine

Ž .Amersham, Piscataway, NJ using a previously described
Ž .method Gorman et al., 1997 . The reaction mixture con-

w 14 x Žtained an appropriate amount of U- C adenosine 513
. ŽmCirmol and unlabeled adenosine in a sample buffer 50

mM Tris–HCl, 100 mM KC1, 5 mM ATP, 5.4 mM
.MgCl , 0.4 mgrml bovine serum albumin, pH 7.4 , result-2

ing in a final adenosine concentration of 20 mM. The
purified adenosine kinase prepared in the sample buffer
was added to the mixture, and the reaction was run for 5
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min at 37 8C. The reaction was stopped by heating at 90 8C
for 3 min followed by chilling on ice for 3 min. AMP

Ž .generation was linear -20% of the substrate added
under these conditions. The sample was centrifuged and
assayed by high performance liquid chromatography
Ž .HPLC . HPLC conditions were designed to isolate ade-
nine nucleotides and adenosine. A Waters C18 Nova-pak
column was perfused isocratically at 1 mlrmin with 65%

Žsolution A 0.5% of 1 M tetrabutylammonium dihydrogen
Ž . .phosphate Pic-A , an ion-pairing reagent and 35% solu-

Ž .tion B 70:30 methanol–water . Fractions of the eluate
were collected every 1–2 min and counted on a liquid
scintillation counter. The adenosine peak on the chromato-
gram was integrated and used to calculate total adenosine
concentration, the specific activity and AMP concentra-
tion. Adenosine kinase activity in the cytosol or membrane
fraction was measured using the same method for the
purified enzyme preparation except 20 mM EHNA and 10

X Ž .mM a , b-methyleneadenosine 5 -diphosphate AOPCP
were added in the reaction mixture. This is to inhibit

Ž .activities of adenosine deaminase adenosine degradation
X Ž .and 5 -nucleotidase adenosine formation , respectively.

2.4. Adenosine release assay

Adenosine release was measured using a previously
described method with slight modifications for a cell cul-

Ž .ture system Deussen et al., 1986 . Cells were grown in
24-well cell culture plates. Adenine nucleotide pools of

w 3 xconfluent cells were prelabeled by exposure to 2, 8- H
Žadenosine 50 nM, 41 Cirmmol; New England Nuclear,
.Boston, MA for 35 min at 37 8C in 250 ml of HBSS

containing 5 mM EHNA to inhibit adenosine deamination.
Each well was then washed three times with HBSS, treated
in triplicate with drugs in 500 ml of HBSS containing 5
mM of EHNA and incubated at 37 8C for 30 min. Immedi-
ately before the incubation period, medium from the vehi-
cle-treated samples was collected from each plate and
counted as background. After incubation, 400 ml of the
medium in each well were collected and total radioactivity
was measured using a liquid scintillation counter.

2.5. Adenosine uptake assay

Adenosine uptake was measured using slight modifica-
Žtions of a previously described method Deussen et al.,

.1993 . Cells were grown in 24-well cell culture plates.
After 48 h of serum-starvation, confluent cells were pre-
treated in triplicate with drugs for 10 min in 450 ml of
HBSS in each well. We then added 50 ml of HBSS

w 3 x Žcontaining 2, 8- H adenosine 50–100 nM, 2–4
.Cirmmol , EHNA and unlabeled adenosine into the incu-

bation medium, resulting in final EHNA and adenosine
concentrations of 5 mM and 100 nM, respectively, and the
cells were pulsed for 30 min at 37 8C. Each well was then
washed twice with cold HBSS containing 100 mM unla-

beled adenosine to terminate further tracer adenosine up-
take. Cells were dissolved in 1.4 N perchloric acid and
subsequently neutralized with 1.4 N KOHr1.4 N NaHCO .3

Total radioactivity in the solubilized cells was measured
using a liquid scintillation counter.

2.6. Adenosine transport assay

Membrane transport of adenosine was measured using
slight modifications of a previously described method
Ž .Sobrevia et al., 1994 . Cells were grown in 24-well cell
culture plates. Confluent cells were pretreated in triplicate
with the drugs for 15 min at 22 8C in 250 ml of HBSS in
each well. We then added 250 ml of HBSS containing the

w 3 x Žrespective drug and 2, 8- H adenosine 200 nM, 41
.Cirmmol into the incubation medium and pulsed for 15 s

in the presence of the adenosine kinase inhibitor, NdADO
Ž .10 mM , in order to measure only the membrane transport

Ž .component of adenosine uptake Gu et al., 1996 . The
adenosine transport was terminated by washing each well
twice with cold HBSS containing an adenosine transport

Ž .inhibitor, dipyridamole 10 mM to prevent loss of tracer
adenosine from cells. Cells were dissolved in 1.4 N per-
chloric acid and subsequently neutralized with 1.4 N
KOHr1.4 N NaHCO . Total radioactivity in the solubi-3

lized cells was measured using a liquid scintillation counter.

2.7. Statistical analysis

Data are presented as means"S.E. Statistical analysis
was performed with t-test for comparison of two groups.

Ž .Analysis of variance ANOVA was used to compare three
or more groups, followed by the BonferronirDunn’s mul-
tiple comparison procedure. When data were normalized to
percent changes from the control, the Kruskal–Wallis test
was used for comparison of more than two groups. A P
value of less than 0.05 was considered significant.

3. Results

3.1. Adenosine release

In order to evaluate the effect of FK506 on adenosine
metabolism in endothelial cells, we prelabeled adenine

w3 xnucleotide pools of YPEN-1 with H adenosine and then
measured the tracer release into the fresh medium with and
without drug treatment. FK506 significantly increases
tracer release from the cells in a concentration-dependent

Ž . Ž .manner Fig. 1A . This increased release 70% is signifi-
Ž .cantly blocked by dipyridamole 10 mM , an adenosine

Ž .transport inhibitor Fig. 1B . We used the specific adeno-
sine kinase inhibitor NdADO as a positive control for

Žadenosine release from the cells. As expected, NdADO 10
. Ž .mM substantially increases tracer release 224% , which

is also blocked by dipyridamole. Dipyridamole itself does
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Ž .Fig. 1. FK506 increases adenosine release from YPEN-1. A Concentra-
Ž .tion-dependent effect of FK506 on adenosine release. B Effects of

different drugs on adenosine release. Adenine nucleotide pools of conflu-
w3 xent cells were prelabeled by exposure to H adenosine for 35 min. The

cells were treated with the indicated drugs, and the tracer release from the
Ž . X Xcells was measured for 30 min. Dipyridamole DIPY and 5 -amino-5 -de-

Ž .oxyadenosine NdADO were used at 10 mM. Data are means"S.E.
Ž . )ns4 for panel A and nG4 for panel B . P-0.05 versus control;
aP-0.05 versus the respective treatment; ns, not significant.

not change tracer release from the cells. In order to
determine if the FK506-induced increase in adenosine

Žrelease is due to adenosine kinase inhibition, FK506 10
. Ž .mM was added in the presence of NdADO 10 mM . As

shown in Fig. 1B, the FK506 had minimal effect on
adenosine release when adenosine kinase is completely
inhibited by NdADO. These results indicate that FK506
induces an increase in adenosine formation by adenosine
kinase inhibition in endothelial cells. Furthermore, the
increase in adenosine formation is intracellular, and adeno-

sine leaves the cells via the dipyridamole-sensitive purine
transporter.

3.2. Adenosine uptake

w3 x ŽWe used H adenosine uptake adenosine transport
.plus metabolism into endothelial cells as an indirect mea-

sure of adenosine kinase activity in the cells. In prelimi-
nary experiments, adenosine and adenine nucleotides in the
solubilized cells were separated using a Sep-pak cartridge,
and the radioactivity associated with each fraction was
counted. In control cells, 92% of radioactivity in the
solubilized cells was associated with adenine nucleotides
after 30 min of incubation at 37 8C in the absence of
EHNA, an adenosine deaminase inhibitor. This shows the
predominant role of adenosine kinase in adenosine uptake
even when the degradation of intracellular adenosine to
inosine is a possibility. When testing the effect of FK506

w3 xon adenosine uptake, we measured H adenosine uptake
in the presence of EHNA. This assured that )92% of the
observed uptake of the tracer is due to adenosine kinase
activity.

Cells were treated with FK506 following the protocol
described in Section 2. After the cells were pulsed with
w3 xH adenosine for 30 min under FK506 treatment, we
measured the tracer level in the solubilized cells. FK506
decreases adenosine uptake into the cells in a concentra-

Ž .tion-dependent manner Fig. 2A . In control cells, adeno-
sine uptake rate was 0.5"0.04 pmolrminr106 cells.
FK506 at concentrations of 3 mM and higher is effective.

Ž .Dipyridamole 10 mM was used to measure background
counts and inhibited the adenosine uptake into the cells by
90%.

In order to evaluate a potential mechanism of action of
FK506 on adenosine uptake in endothelial cells, we used
another immunosuppressant rapamycin, which is known to
be a competitive inhibitor of the FK506 action on cal-

Ž .cineurin Bierer et al., 1990 . However, we found that
rapamycin also significantly decreases adenosine uptake

Žinto the cells in a concentration-dependent manner Fig.
. X2B . The adenosine kinase inhibitor, 5 -iodotubercidin was

used as a positive control, which inhibited the adenosine
uptake by 77%. Another inhibitor of calcineurin, cy-
closporin A, induced significant but only 25% inhibition at

Ž .100 mM Fig. 2C , indicating that it is much less potent
than FK506. Concentrations of cyclosporin A up to 10 mM
have been previously tested in a similar preparation and
reported to be without induction of endothelial damage
Ž .Bierer et al., 1990 . Similar results on the concentration-
dependent effect of these drugs on adenosine uptake were

Žobtained from another endothelial cell line, CPAE data
.not shown . Combined, these results suggest that cal-

cineurin may not be the only mediator of actions of
FK506, and that other mechanisms are involved in the
FK506-induced inhibition of adenosine uptake.
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Fig. 2. Concentration-dependent effect of FK506, rapamycin or cy-
closporin A on adenosine uptake. Confluent cells were pretreated with the

Ž . Ž .indicated concentrations of FK506 A , rapamycin B or cyclosporin A
Ž . w3 xC for 10 min, and then exposed to H adenosine for 30 min. The
uptake of adenosine into the cells was determined as described in Section

Ž .2.5. The adenosine transport inhibitor, dipyridamole DIPY, 10 mM or
X Ž X .the adenosine kinase inhibitor, 5 -iodotubercidin 5 -ITu, 10 mM was

Ž . )used as a positive control. Data are means"S.E. ns3 . P-0.05
versus control.

3.3. Adenosine kinase actiÕity

The uptake data strongly suggest that FK506 inhibits
adenosine kinase activity in intact endothelial cells. If
adenosine kinase activity is inhibited by a covalent modifi-
cation of the enzyme, adenosine kinase activity in a cy-
tosolic fraction should be decreased by previous treatment
of the intact cells with FK506. However, neither FK506
nor rapamycin pretreatment changes the activity of adeno-

Ž .sine kinase in the cytosolic fraction of the cells Fig. 3A .
In addition, FK506 pretreatment did not change the activ-

Žity of adenosine kinase purified from the cell cytosol data
.not shown .

It is possible that a cellular fraction of adenosine kinase,
which modulates uptake of adenosine, is associated with
the plasma membrane. In this case, FK506 might have no
effect on total adenosine kinase or cytosolic adenosine
kinase, while inhibiting the activity of membrane-associ-
ated adenosine kinase. Therefore, we tested the hypothesis

Ž . Ž .Fig. 3. Activities of adenosine kinase in cytosol A and membrane B
fractions of YPEN-1 previously exposed to FK506 or rapamycin. Intact

Ž . Ž .cells were pretreated with FK506 10 mM or rapamycin 10 mM for 30
min. Cytosol and membrane fractions were prepared as described in
Section 2. Data are expressed as the rate of AMP generation in

Ž .pmolrminrmg protein in the sample means"S.E. . Control, ns8 or 9;
FK506, ns6; rapamycin, ns5. )P-0.05 versus control.



( )K.-K. Hwang et al.rEuropean Journal of Pharmacology 425 2001 85–9390

that the activity of adenosine kinase in cultured endothelial
cells depends on the activity of the enzyme associated with
the cell membrane fraction. Intact cells were treated with
FK506, using the same protocol in previous experiments.

ŽFollowing treatment using the maximal concentration 10
.mM , which has been previously demonstrated not to

induce endothelial dysfunction in a similar preparation
Ž .Benigni et al., 1992 , a crude membrane fraction was
prepared, and adenosine kinase activity was measured as
described in Section 2. Indeed, FK506 significantly de-
creases the activity of adenosine kinase by 35% in the

Ž .crude membrane fraction Fig. 3B . However, when cells
Ž .were treated with rapamycin 10 mM using the same

protocol, no effect on the enzyme activity of the crude
membrane fraction was observed.

( )3.4. Effects of mitogen-actiÕated protein kinase MAPK
inhibitors on adenosine metabolism

We further evaluated a potential signaling mechanism
involved in adenosine kinase inhibition induced by FK506.
Because FK506 as well as rapamycin and cyclosporin A

Žhave been shown to modulate MAPK pathways Matsuda
.and Koyasu, 2000 , we tested effects of the specific in-

hibitors for the MAPK pathways on adenosine uptake in
endothelial cells. In each case, cells were treated with a
MAPK inhibitor using a concentration, which has been
previously demonstrated to be effective in a similar prepa-

Ž .ration Laird et al., 1998 . A tyrosine kinase inhibitor,
Ž .genistein 10–100 mM as well as specific p38 MAPK

Ž . Žinhibitors, SB203580 0.3–10 mM and SB202190 0.3–10
.mM decrease adenosine uptake in a concentration-depen-

Ž .dent manner data not shown . However, the inhibitors for
Ž . Ž .MAPKrERK kinase MEK , PD98059 0.1–10 mM , and

Žfor phosphatidyl inositol 3-kinase, wortmannin 0.1–10
. Ž .mM do not change adenosine uptake data not shown .

ŽSimilar results were also obtained with CPAE data not
.shown .

We found that genistein and SB203580 have no effect
on the adenosine kinase activity in either cytosolic or

Ž .crude membrane fraction data not shown but inhibit
Ž .adenosine transport Fig. 4 . Of note, the membrane trans-
Ž w3 xport of adenosine the extent to which H adenosine is

. w3 xmetabolized was determined by pulsing the cells with H
Ž .adenosine for 15 s in the presence of NdADO 10 mM to

measure only the transport component of adenosine uptake
Ž .Gu et al., 1996 . Dipyridamole at a concentration, which
completely inhibits the dipyridamole-sensitive purine
transporters, was used as a positive control in adenosine

Ž . Ž .transport assay Fig. 4 . Genistein 100 mM is almost as
effective as dipyridamole in inhibiting adenosine transport.
Rapamycin and SB203580 are also effective in reducing
adenosine transport. These drugs as well as dipyridamole,
at a concentration known to block adenosine transport
Ž . ŽNewby, 1986 , had no effect on adenosine release data

.not shown . By contrast, the adenosine kinase inhibitor,

Fig. 4. Adenosine transport into YPEN-1 under the different drug treat-
ments. Confluent cells were pretreated with the indicated drugs for 15

w3 xmin. Then, the cells were exposed to H adenosine and pulsed for 15 s.
The membrane transport of adenosine into the cells was determined as
described in Section 2. The adenosine transport inhibitor, dipyridamole
Ž . Ž . Ž10 mM was used as a positive control. FK506 10 mM ; rapamycin 10

. Ž . Ž .mM ; genistein 100 mM ; SB203580 10 mM . Data are means"S.E.
Ž . )ns4 . P-0.05 versus control.

NdADO, and FK506, which inhibits the membrane frac-
tion adenosine kinase activity but not adenosine transport
Ž . Ž .Fig. 4 , both increase adenosine release Fig. 1 .

4. Discussion

4.1. FK506 inhibits adenosine kinase actiÕity in cultured
endothelial cells

Three lines of evidence indicate that FK506 inhibits in
situ adenosine kinase activity in cultured endothelial cells.

Ž . Ž .FK506: a inhibits uptake of tracer adenosine Fig. 2A ,
Ž . Ž . Ž .b enhances release of tracer adenosine Fig. 1 and c
reduces adenosine kinase activity of a crude membrane

Ž .fraction of endothelial cells Fig. 3B . In addition, FK506
does not inhibit membrane transport of tracer adenosine
Ž .Fig. 4 . Each of these lines of evidence is evaluated
below.

We used adenosine uptake as a screening tool to estab-
lish the possibility that FK506 inhibits in situ adenosine
kinase activity. We did this because our own preliminary
experiments, as well as the work from other laboratories,
indicated that it is extremely unlikely that adenosine kinase
could be inhibited without an inhibition of adenosine

Ž .uptake Decking et al., 1994; Spychala et al., 1997 . In
preliminary experiments, we found that when cultured

w3 xendothelial cells are exposed to extracellular H adeno-
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sine, more than 90% of the tracer taken up into the cells is
in the form of adenine nucleotides. This means that adeno-
sine kinase predominates over adenosine deaminase in
providing the major pathway for adenosine metabolism,
once adenosine enters the cell. This result is comparable to
previous observations in human and porcine endothelial

Žcells in culture Shryock et al., 1988; Smolenski et al.,
.1994; Sobrevia et al., 1994 . In fact, the role of adenosine

deamination in cultured endothelial cells was small even at
Ž .high concentrations of adenosine 10 mM in the incuba-

Ž .tion medium Sobrevia et al., 1994 . Nevertheless, we
included an inhibitor of adenosine deaminase, EHNA, in
all uptake and release experiments so that the intracellular
sink for adenosine would be via adenosine kinase.

FK506 induces an increase in adenosine release after
the adenine nucleotide pools of cultured endothelial cells

w3 x Ž .are prelabeled with H adenosine Fig. 1 . Because an
adenosine deaminase inhibitor, EHNA, was added during
both prelabeling and release periods, the elevated tracer in
the medium cannot be inosine or its metabolites. Other
investigators have shown that endothelial cells can also
release adenine nucleotides and cAMP and can form extra-
cellular adenosine via extracellular dephosphorylation of

X ŽAMP by ecto-5 -nucleotidase Borst and Schrader, 1991;
.Deussen et al., 1993; Kroll et al., 1987 . However, in our

experiment, the purine transporter inhibitor dipyridamole
blocked the increase in tracer release in response to FK506.
Adenine nucleotides and cAMP do not leave cells via the

Ždipyridamole-sensitive purine transporter Thorn and
.Jarvis, 1996 . Moreover, addition of FK506 in the presence

of the maximal concentration of the adenosine kinase
inhibitor, NdADO, did not cause further increase in adeno-
sine release. Therefore, intracellular adenosine is the only
source for tracer found in the incubation medium in our
release experiments, and the increase in adenosine release
by FK506 is due to adenosine kinase inhibition.

Ž .Intracellular adenosine has three possible fates: a
Ž .phosphorylation to AMP, b deamination to inosine and

Ž .c exit from the cell by a purine transporter. When
adenosine kinase is inhibited, the importance of the other
pathways will be increased. Thus, adenosine kinase inhibi-
tion is expected to result in increased adenosine release
Ž .Decking et al., 1994 . Indeed, the adenosine kinase in-
hibitors used in our experiments uniformly increase adeno-

Ž .sine release, as does FK506 Fig. 1 .
Pretreatment of cultured endothelial cells with FK506

did not cause inhibition of purified adenosine kinase or
adenosine kinase activity of the cytosolic fraction. How-
ever, FK506 causes a decrease in activity of adenosine
kinase in membrane fraction isolated from cultured en-

Ž .dothelial cells previously exposed to the drug Fig. 3B .
This finding raises the possibility that FK506 acts either by
decreasing the activity of adenosine kinase associated with

Ž . Žthe plasma membrane e.g. dephosphorylation Sparks et
.al., 1998 , or by translocating the membrane adenosine

kinase to the cytosol. If the latter is the case, one might

expect to see a reciprocal change in cytosolic adenosine
kinase activity when membrane adenosine kinase activity
changes. However, cytosolic adenosine kinase activity is
so much greater than membrane adenosine kinase activity
that changes in the cytosolic enzyme activity due to trans-
fer to or from the membrane would be impossible to detect
Ž .Fig. 3A . In a recent abstract, Spychala and Mitchell
Ž .1998 reported similar results in T lymphocytes although
a decrease in adenosine kinase activity in response to
cyclosporin A or FK506 was observed in the cell lysate
preparation.

In order to determine activity of adenosine kinase asso-
ciated with the plasma membrane of cultured endothelial
cells, we used a crude membrane fraction according to the
method previously described. This method has been used
to measure activity of a protein kinase Raf translocated to

Ž .plasma membrane Stokoe et al., 1994 . This fraction also
contains mitochondria and microsomes. However, we be-
lieve that it is likely that adenosine kinase activity is
associated with plasma membrane. Spychala recently found
a detectable amount of adenosine kinase activity in a

Žplasma membrane fraction isolated from lymphocytes per-
.sonal communication . The K of adenosine kinase in them

membrane fraction was two to six times lower than that of
adenosine kinase in the cytosolic fraction, suggesting a
modification of the enzyme associated with plasma mem-
brane. It is possible that adenosine kinase associated with
plasma membrane would be easily accessible to both
adenine nucleotide pools and adenosine transporters on the
cell membrane. There is no evidence that mitochondria or
microsomes contain adenosine kinase.

4.2. Effects of MAPK inhibitors on adenosine uptake and
adenosine transport in cultured endothelial cells

We planned to use rapamycin, genistein and SB203580
as tools to explore the pathway by which FK506 exerts its
effect on adenosine kinase. Initially, we were encouraged
by the fact that all three of these agents inhibit adenosine
uptake. However, further experiments indicated that these
agents do not act on adenosine uptake by inhibiting adeno-

Ž .sine kinase activity. They a have no effect on cytosolic or
Ž .membrane fraction adenosine kinase activity, b have no

Ž .effect on adenosine release and c inhibit adenosine trans-
Ž .port into endothelial cells Fig. 4 .

The membrane transport of adenosine was measured by
observing the first seconds of uptake of tracer adenosine in
the presence of the specific inhibitor of adenosine kinase
activity, NdADO. This means that radioactivity associated
with the cells gives a measure of adenosine entering the
cells. The portion of this accumulation blocked by dipyri-
damole gives an indication of the activity of the dipyri-
damole-sensitive purine transporters. Genistein was almost
as effective in blocking adenosine transport as dipyri-
damole, and both rapamycin and SB203580 had substantial

Ž .activity Fig. 4 .
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In the present study, the mechanism of actions of these
drugs on adenosine transporters were not explored. It could
be either nonspecific effects of the drugs on adenosine
transporters or a cell signaling-mediated effect. It has been
shown in cultured chromaffin cells that secretagogues,
such as acetylcholine and nicotine, and protein kinase C
activators inhibited adenosine uptake into the cells via
downregulation of high affinity adenosine transporters
Ž .Delicado et al., 1991 . In fact, the effect of these drugs on
adenosine transport is important in the in vivo context
because adenosine transport inhibition has been shown to
induce an increase in the extracellular adenosine level and

Ž .to potentiate adenosine actions Thorn and Jarvis, 1996 .
In summary, it appears that immunosuppressive drugs

like FK506 and cyclosporin A may act in novel ways to
elevate extracellular adenosine levels. Our results indicate
that FK506 promotes adenosine release by a novel mecha-
nism involving inhibition of the adenosine kinase activity
associated with membrane. Therefore, it is possible that
endogenous adenosine action is involved in FK506- and
cyclosporin A-induced ischemic organ protection. Interest-
ingly, it has been recently found that the anti-inflammatory
effect of aspirin is also in part mediated by endogenous

Ž .adenosine action. Cronstein et al., 1999a,b . Further stud-
ies are required to evaluate biochemical mechanisms in-
volved in the FK506-induced inhibition of adenosine ki-
nase activity associated with cell membrane.
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