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Previous studies by our group as well as others have shown that
acute adenosine exposure enhances lung vascular endothelial
barrier integrity and protects against increased permeability lung
edema. In contrast, there is growing evidence that sustained
adenosine exposure has detrimental effects on the lungs, includ-
ing lung edema. It is well established that adenosine modulates
lung inflammation. However, little is known concerning the effect
of sustained adenosine exposure on lung endothelial cells (ECs),
which are critical to themaintenance of the alveolar–capillary bar-
rier. We show that exogenous adenosine plus adenosine deami-
nase inhibitor caused sustained elevation of adenosine in lung
ECs. This sustained adenosine exposure decreased EC barrier func-
tion, elevated cellular reactive oxygen species levels, and activated
p38, JNK,andRhoA. Inhibitionofequilibrativenucleosidetransporters
(ENTs) prevented sustained adenosine-induced p38 and JNK activa-
tion andECbarrier dysfunction. Inhibitionof p38, JNK, or RhoAalso
partially attenuated sustained adenosine-induced EC barrier dys-
function. These data indicate that sustained adenosine exposure
causes lung EC barrier dysfunction via ENT-dependent intracellular
adenosine uptake and subsequent activation of p38, JNK, and RhoA.
The antioxidantN-acetylcysteine and the NADPH inhibitor partially
blunted sustained adenosine-induced JNK activation but were in-
effective in attenuationof p38activationor barrier dysfunction. p38
was activated exclusively in mitochondria, whereas JNK was acti-
vated in mitochondria and cytoplasm by sustained adenosine expo-
sure.Ourdata further suggest that sustainedadenosineexposuremay
causemitochondrial oxidativestress, leading toactivationofp38, JNK,
and RhoA in mitochondria and resulting in EC barrier dysfunction.
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Increased permeability pulmonary edema is a life-threatening com-
plication characteristic of acute lung injury (ALI) and acute respi-
ratory distress syndrome.The purine nucleoside adenosine has been
shown to protect (1–4) and cause (5) pulmonary edema and in-
flammation in animal models of ALI. The mechanisms governing
these paradoxical effects of adenosine are poorly understood.

Adenosine is a potent signaling molecule. Under homeo-
static conditions, extracellular adenosine concentrations are
low (40–600 nM) (6). However, extracellular adenosine levels
are increased in response to tissue injury. High plasma adenosine
(10–190 mM) has been reported in patients with sepsis-induced
ALI (7, 8) and tissue ischemia (9). Adenosine is also significantly
elevated in the lungs of animals with ALI caused by acute hypoxia
(10–13), high tidal volume ventilation (14), endotoxin (15), and
bleomycin (16). Acutely elevated adenosine has been shown to
have a protective, antiinflammatory effect in various animal mod-
els of ALI (1–4). However, nonsurviving patients with sepsis have
much higher plasma adenosine than survivors (7), suggesting a link
between high plasma adenosine and poor outcome. Adenosine is
also elevated in patients with chronic lung diseases. For example,
adenosine is increased in bronchoalveolar lavage fluid and in the
exhaled breath condensate of patients with asthma (17, 18) and in
the sputum of patients with cystic fibrosis (19). Sustained elevated
adenosine also contributes to chronic lung injury (20, 21). Under-
standing the mechanisms underlying the tissue-protective and
tissue-destructive properties of adenosine signaling is critical for
advancing treatment of the various lung diseases associated with
the elevation of adenosine.

Extracellular adenosine can act via cell surface adenosine recep-
tors (ARs) (Figure 1). Among the four types of ARs, endothelial
cells predominantly express A2AR and A2BR (22–24). Extracellular
adenosine can be metabolized to inosine by cell surface–bound
adenosine deaminase (ADA). In addition, elevated adenosine can
be taken up into cells by equilibrative nucleoside transporters
(ENTs) or by concentrative nucleoside transporters. Intracellular
adenosine is metabolized by intracellular ADA and/or by adeno-
sine kinase. In addition, elevated adenosine can react with homo-
cysteine to generate S-adenosyl-L-homocysteine (SAH) due to
inhibition of the reversible enzyme SAH hydrolase. We and others
have previously demonstrated that acute adenosine exposure
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CLINICAL RELEVANCE

This study documents a previously unrecognized mecha-
nism by which sustained adenosine exposure induces lung
endothelial barrier dysfunction via nucleoside transporter–
mediated adenosine uptake and subsequent activation of
p38, JNK, and RhoA. These results suggest that pulmonary
edema caused by adenosine deaminase deficiency may be
due to a direct effect of adenosine on lung endothelium.
These findings offer new insights into the diverse effects of
adenosine on pulmonary circulation and are relevant to
increased permeability lung edema in acute lung injury and
acute respiratory distress syndrome. The results also suggest
a novel role for nucleoside transport inhibitors as a potential
treatment for lung edema.
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protects against ALI and enhances endothelial barrier function
via A2AR and A2BR (1–3). However, the mechanism of the
deleterious effect of adenosine on the lungs and the effect of
sustained adenosine exposure on lung endothelial cells are
poorly understood.

Inhibition of ADA causes sustained elevation of circulating
and tissue adenosine (25). ADA deficiency in humans is most
commonly associated with combined immune deficiency and
lung inflammation (26). ADA-deficient mice develop progres-
sive respiratory complications and die at 3 weeks of age due to
sustained exposure to highly elevated adenosine (27). ADA
enzyme replacement is a life-saving strategy used to treat ADA-
deficient patients (28, 29) and animals (30). Two weeks after with-
drawal of ADA enzyme therapy, ADA-deficient mice develop
increased permeability lung edema (5). Whether sustained ele-
vated adenosine directly affects lung vascular endothelial
permeability is unknown. In this study, we assessed a model of
sustained adenosine exposure in cultured lung endothelial cells
and demonstrated that sustained adenosine exposure caused lung
endothelial barrier dysfunction via ENT-facilitated adenosine up-
take and subsequent activation of p38, JNK, and RhoA.

MATERIALS AND METHODS

Cells and Reagents

Bovine pulmonary artery endothelial cells (PAECs) and rat lung micro-
vascular endothelial cells (LMVECs) were purchased from VEC Tech-
nologies (Rensselaer, NY) and were used between passages 3 through 9.
Adenosine, erytho-9-(2-hydroxy-3-nonyl)adenine (EHNA), dipyrida-
mole, nitrobenzylthioinosine, DPCPX, DPMX, MRS1754, MRS1191,
N-acetylcysteine, apocynin, and SB203580 were purchased from Sigma
(St. Louis, MO). Deoxycoformycin and SP600125 were from Tocris

(Minneapolis, MN). Y27632 and 2,7-dichlorofluorescein diacetate were
from EMD Millipore (Darmstadt, Germany). Antibodies directed
against RhoA, VE-cadherin, actin, Src, and JNK were from Santa Cruz
Biotechnology (Santa Cruz, CA). zVAD-fmk and b-catenin antibody
were from Axxora (Farmingdale, NY) and BD Biosciences (Sparks,
MD), respectively. Antibodies directed against p38, phospho-p38
(Thr180/Tyr182), HSP27, phospho-HSP27 (Ser82), phospho-JNK
(T183/Y185), and phospho-Src (Y416) were from Cell Signaling
(Danvers, MA). Alexa Fluor 488-conjugated phalloidin was from Mo-
lecular Probes (Grand Island, NY). pGST-C21 construct (GST-Rhotekin-
RBD) was a generous gift from Dr. J. Collard (Netherlands Cancer
Institute, Amsterdam, The Netherlands).

Quantification of Adenosine in ECs

As we have previously described (2), cultured ECs were rapidly col-
lected, and the cell pellets were frozen in liquid nitrogen. Nucleosides
were extracted from frozen cell pellets, and adenosine was separated
and quantified using reverse-phase HPLC.

Endothelial monolayer permeability and immunofluorescence mi-
croscopy were performed as we have previously described (31).

Assessment of Reactive Oxygen Species Levels

in Cultured ECs

We used dichlorofluorescein assay as described (32). Briefly, by the end
of treatment, ECs were loaded with a final concentration of 10 mM
29,79-dichlorofluorescein diacetate for up to 2 hours at 378C. The par-
allel control cells were loaded with equal volumes of DMSO to serve as
a blank controlling for autofluorescence. Fluorescence was determined
every 15 minutes after incubation using a Synergy 2 Fluorescence
plate-reader (BioTek, Winooski, VT) set at 485 nm excitation and
528 nm emission. The data are presented as fluorescence relative to
vehicle-treated ECs at 1 hour after incubation. ECs were also fixed at
1 hour after incubation with 29,79-dichlorofluorescein diacetate, and
fluorescence was captured using fluorescence microscopy.

Membrane/Cytosol Fractionation

As we have previously described (31), EC homogenates were centri-
fuged at 100,000 3 g for 1 hour at 48C. The supernatant (cytosolic
fraction) was collected. The pellets were resuspended in lysis buffer.
The suspension was centrifuged at 15,000 3 g for 10 minutes at 48C,
and the supernatant (membrane fraction) was collected.

Isolation of Mitochondria

Mitochondria were isolated as previously described by Zhuang and col-
leagues (33). Briefly, EC pellets were homogenized in the presence of
250 mM sucrose. Homogenates were centrifuged twice at 750 3 g. The
supernatants were then centrifuged at 10,000 3 g. The resulting mito-
chondrial pellets were dissolved with SDS lysis buffer. The supernatant
(nonmitochondrial cytosolic fraction) was also collected.

RhoA GTPase Activity Assay

As we have previously described (34), RhoAGTPase activity was assessed
by pull-down assay using pGST-C21 beads. Gel electrophoresis and im-
munoblot analysis were performed as we have previously described (35).

Data Analysis

All experiments were performed at least in triplicate. Data are pre-
sented as mean 6 SE. ANOVA and Tukey-Kramer post hoc test were
used to analyze differences among groups. Differences among means
were considered significant at P , 0.05.

RESULTS

Exogenous Adenosine plus ADA Inhibitor Maintained

Sustained Adenosine Levels in Lung ECs

Adenosine is rapidly metabolized by ADA in cells. Not surpris-
ingly, adenosine levels are elevated in lungs of ADA-deficient

Figure 1. Proposed model. Sustained adenosine exposure causes endo-

thelial barrier dysfunction via nucleoside transporter–mediated intra-

cellular adenosine uptake and subsequent mitochondrial oxidative
stress–induced activation of p38, JNK, and RhoA. Solid lines indicate defined

pathways; dashed lines indicate speculative pathways. ADA ¼ adenosine

deaminase; Ado ¼ adenosine; ADP ¼ adenosine diphosphate; AK ¼ aden-
osine kinase; AMP ¼ adenosine monophosphate; ARs ¼ adenosine recep-

tors; ATP ¼ adenosine-59-triphosphate; CD39 ¼ ectonucleotidase for ATP

and ADP; CD73 ¼ ectonucleotidase for AMP; EC ¼ endothelial cell; ENT ¼
equilibrative nucleoside transporter; HC ¼ homocysteine; MT ¼ mitochon-
dria; ROS ¼ reactive oxygen species; SAH ¼ S-adenosyl-L-homocysteine;

SAM ¼ S-adenosyl-L-methionine.
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mice (5, 27, 36). To test the effect of sustained elevated aden-
osine on lung ECs, we established a model of sustained adeno-
sine exposure by incubating lung ECs with adenosine plus the
ADA inhibitor deoxycoformicin. Adenosine levels were signif-
icantly elevated in pulmonary artery endothelial cells (PAECs)
exposed to adenosine in the presence of deoxycoformicin for
48 hours compared with PAECs exposed to vehicle, adenosine,
or deoxycoformicin alone (Figure 2). This result validates our
model of sustained adenosine exposure in cultured lung ECs
used in this study.

Sustained Adenosine Exposure Caused Barrier Dysfunction

of Lung Macro- and Microvascular ECs

Sustained elevated adenosine causes lung edema inADA-deficient
mice (5). To evaluate the effects of sustained adenosine exposure
on lung vascular endothelial permeability, pulmonary artery and
lung microvascular ECs were exposed to adenosine plus ADA
inhibitor for a prolonged period of time, and permeability was
assessed over time by measuring transendothelial electrical resis-
tance. Similar to adenosine alone, which acutely improves EC
barrier function (Figure 3a) (2), adenosine plus deoxycoformicin
(A1D) initially (within the first 5 h) enhanced EC barrier integ-
rity, as indicated by increased electrical resistance, compared with
exposure to vehicle (Figure 3a). Unlike adenosine alone, which
did not affect EC barrier integrity after prolonged exposure, pro-
longed (A1D) exposure (20–40 h) gradually caused EC barrier
dysfunction, as indicated by decreased electrical resistance, com-
pared with exposure to vehicle or adenosine alone (Figure 3b).
Deoxycoformicin alone did not affect EC barrier function (Fig-
ures 3a and 3b). These results indicate that exposure to sustained
elevated adenosine causes EC barrier dysfunction. Additionally,
ECs exposed to higher doses of adenosine alone exhibited pro-
gressive increased permeability (Figure 3c). These data suggest
that the barrier-disruptive effect of adenosine is time and concen-
tration dependent. Heterogeneous responses of PAECs and lung
microvascular endothelial cells (LMVECs) have been recognized
(37). However, the barrier disruptive effect of sustained adenosine
exposure, induced by adenosine plus the ADA inhibitor EHNA,
was also seen in LMVECs, where LMVECs treated with adeno-
sine plus EHNA had increased permeability compared with
LMVECs treated with vehicle (Figure 3d).

Sustained Adenosine Exposure Decreased Adherens Junctions

and Increased F-Actin Stress Fibers

Adherens junctions (AJs) and F-actin stress fibers are critical
regulators of EC barrier integrity. Fluorescence microscopy

demonstrated decreased AJs, increased intercellular gaps, and
enhanced stress fibers in ECs treated with (A1D) for 24 hours
(Figure 3e). Diminished paracellular AJs in ECs treated with
(A1D) for 24 hours were also confirmed by reduced protein
levels of VE-cadherin and b-catenin, components of AJs, in the
membrane fraction (Figure 3f). Sustained adenosine exposure did
not alter immunofluorescence staining of vinculin, a component
of focal adhesion complexes (data not shown). These results sug-
gest that sustained adenosine exposure causes lung EC barrier
dysfunction by affecting AJs and F-actin stress fibers.

Sustained Adenosine Exposure Caused EC Barrier Dysfunction

via ENTs, Not ARs or Apoptosis

We and others have previously shown that acute exposure to el-
evated adenosine enhanced EC barrier integrity via activation
of the adenosine receptors A2AR and A2BR (1–3). However,
activation of adenosine receptors was not responsible for sus-
tained adenosine-induced lung edema (5, 38–40). To determine
the role of ARs and ENTs in mediating sustained adenosine-
induced EC barrier dysfunction, pharmacological inhibitors of
ENTs and ARs were used. Inhibition of ENTs with dipyrida-
mole (Figure 4a) or nitrobenzylthioinosine (NBTI) (Figure 4b)
prevented (A1D)-induced EC barrier dysfunction. Additionally,
neither the A2AR antagonist DPMX nor the A2BR antagonist
MRS1754 prevented sustained adenosine exposure–induced EC
barrier dysfunction (Figures 4c and 4d). Similarly, neither the
A1R antagonist DPCPX nor the A3R antagonist MRS1191
altered sustained adenosine exposure–induced EC barrier dys-
function (data not shown). Our results indicate that sustained
elevated adenosine causes lung EC barrier dysfunction via
ENT-mediated intracellular events.

Adenosine has been shown to cause EC apoptosis (41). How-
ever, exposure of confluent endothelial monolayer to (A1D) for
40 hours did not significantly increase EC apoptosis (Figure 4e).
Additionally, inhibition of apoptosis with zVAD, a broad caspase
inhibitor, did not alter the disruptive effect of (A1D) on EC
barrier function (Figure 4f). Our results indicate that sustained
adenosine exposure–induced EC barrier dysfunction is not due
to the loss of apoptotic ECs.

Sustained Adenosine Exposure Increased Cellular

Oxidative Stress

Increased oxidative stress causes EC barrier dysfunction (42).
However, it is not known whether oxidative stress is implicated
in sustained elevated adenosine–induced EC barrier dysfunc-
tion. We found that sustained adenosine exposure elevated
reactive oxygen species (ROS) levels at 24 hours (Figures 5a
and 5b). However, there was no significant increase in ROS
levels in ECs exposed to (A1D) for 5 hours (data not shown).
Neither antioxidant, N-acetyl-cysteine (NAC), nor the NADPH
oxidase inhibitor apocynin altered sustained adenosine–induced
EC barrier dysfunction (Figure 5c).

Sustained Adenosine Exposure Activated p38 and JNK via

ENT-Mediated Intracellular Uptake of Adenosine

Because ROS levels were elevated by sustained adenosine expo-
sure, we assessed activation of the multiple redox-sensitive
proteins that are important in the regulation of EC barrier
function. We found that sustained adenosine exposure (24 and
48 h) activated p38 and JNK but not Src (Figure 6a). Consistent
with p38 activation, the p38 downstream substrate HSP27 was also
activated in EC exposed to (A1D) for 24 and 48 hours (Figure 6a).
The activities of p38, HSP27, and JNK were not altered by

Figure 2. Effect of ADA inhibition on adenosine levels. Bovine pulmonary

artery endothelial cells were incubated with vehicle (V) or 50 mMadenosine

(A) in the absence or presence of 50 mM of the ADA inhibitor deoxycofor-

micin (D) for the indicated times. Nucleosides were extracted from lysates,
and adenosine levels were quantified using HPLC (n ¼ 3). *P, 0.05 versus

ECs treated with vehicle, adenosine, or deoxycoformicin alone for 48 hours.
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Figure 3. Effect of sustained

adenosine exposure on EC per-

meability and adherens junc-

tions (AJs) and F-actin stress
fiber formation. Pulmonary ar-

tery endothelial cells (PAECs)

were incubated with vehicle
(V) or 50 mM adenosine (A) in

the absence or presence of

100 mM deoxycoformicin (D)

for the indicated times (a, b)
or were incubated with varying

doses of adenosine or vehicle

for the indicated times (c),

and endothelial monolayer
permeability was assessed by

measuring electrical resistance

across monolayer by the elec-
trical cell impedance sensor

(ECIS). The data in the dotted

square of b are shown in a. (d)

Rat lung microvascular endo-
thelial cells were treated with

vehicle or 100 mM adenosine

(Ado) plus the ADA inhibitor

erytho-9-(2-hydroxy-3-nonyl)
adenine (EHNA) (10 mM) for

the indicated times, and mono-

layer permeability was assessed
by ECIS. Arrows indicate the

time for addition of treatments

(n ¼ 5–8) *P , 0.05 versus

vehicle-treated ECs. (e) PAECs
were incubated with vehicle

(V) or 50 mM adenosine (A)

plus 50 mM deoxycoformicin

(D) for 24 hours. AJs were
assessed by immunofluores-

cence staining of VE-cadherin,

an AJ component. F-actin stress

fibers were assessed by phalloi-
din staining of F-actin and

visualized by fluorescence mi-

croscopy. Asterisks indicate inter-
cellular gaps. (f) PAECs were

incubated with vehicle (V) or

50 mM adenosine (A) in the ab-

sence or presence of 50 mM
deoxycoformicin (D) for 5 and

24 hours. Cell membrane

fraction was isolated, and the

protein levels of the AJ compo-
nents VE-cadherin and b-catenin

in cell membrane fraction were

assessed by immunoblotting
analysis. Actin was used to

control for protein loading.

Data in e and f represent three

independent experiments for
each.

Lu, Newton, Hsiao, et al.: Sustained Adenosine and Endothelial Permeability 607



short-term (5 h) (A1D) exposure (Figure 6a). We further
determined that sustained adenosine–induced activation of
p38 and JNK was prevented by inhibition of ENTs with dipyr-
idamole and NBTI (Figure 6b), indicating a dependence on
ENT-mediated adenosine uptake.

p38 and JNK are redox-sensitive proteins. Neither the anti-
oxidant NAC nor the NAPDH inhibitor apocynin had an effect
on sustained adenosine–induced p38 activation (Figure 6c).
However, sustained adenosine–induced JNK activation was par-
tially attenuated by NAC or apocynin (Figure 6c). We further
determined that p38 was activated in mitochondria, whereas
JNK was activated in cytoplasm and mitochondria 24 hours
after exposure to sustained adenosine (Figure 6d).

Activation of p38 and JNK Contributed to Sustained

Adenosine–Induced EC Barrier Dysfunction

Using a pharmacological approach, we show that inhibition of
p38 by SB203580 (Figure 6e) or inhibition of JNK by SP600125
(Figure 6f) attenuated sustained adenosine–induced endothelial

barrier dysfunction. These results suggest that activation of p38
and JNK contributes to sustained adenosine–induced endothelial
barrier dysfunction.

Activation of RhoA Contributed to Sustained

Adenosine–Induced EC Barrier Dysfunction

RhoA activation is important in mediating endothelial barrier dys-
function induced by various edemagenic agents via effects on AJs
and stress fiber formation (43). RhoA can be activated by oxidative
stress (44). Thus, we assessed activation of RhoA and found that
prolonged adenosine exposure (24 h), but not short-term (5 h)
exposure, activated RhoA (Figure 7a). We also noted that inhibi-
tion of RhoA signaling by the Rho kinase inhibitor Y27632 par-
tially attenuated sustained adenosine–induced endothelial barrier
dysfunction (Figure 7b), suggesting a role of RhoA in this process.

DISCUSSION

We and others have previously demonstrated that acute adeno-
sine exposure enhances lung endothelial barrier integrity and

Figure 4. The roles of nucle-

oside transporters and aden-

osine receptors in mediating

sustained adenosine–induced
barrier dysfunction. PAECs

were treated with vehicle (V)

or 50 mM adenosine (A) plus

50 mM deoxycoformicin (D)
in the absence or presence of

the ENT inhibitors dipyrida-

mole (DPM) (10 mM) (a),
nitrobenzylthioinosine (NBTI)

(10 mM) (b), the A2AR inhibitor

DPMX (10 mM) (c), the A2BR

inhibitor MRS1754 (10 mM)
(d), or the broad caspase in-

hibitor zVAD (100 mM) (f ) for

up to 40 hours. EC monolayer

permeability was assessed by
ECIS (a, b, c, d, f ). Cells treated

with vehicle or (A1D) for 40

hours in ECIS array were also
fixed and subjected to apopto-

sis assay by DAPI staining

of apoptotic nuclei (e). Arrows

indicate the time for addition
of treatments (n ¼ 3–6 for each

treatment for each panel). *P ,
0.05 versus vehicle.
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protects against increased permeability lung edema in animal
models of ALI via the adenosine receptors A2AR and A2BR
(1–3). Conversely, it is well documented that sustained adeno-
sine exposure has detrimental effects on the lungs, including
lung edema (5). Many studies have demonstrated the important
roles of inflammatory cells in mediating sustained elevated
adenosine–induced lung inflammation and fibrosis (16, 20, 21,
27). However, the mechanisms underlying the development of
lung edema caused by sustained adenosine exposure are un-
known. Disruption of lung vascular endothelial barrier integrity
causes increased permeability lung edema. In contrast to the
effect of acute adenosine exposure, we demonstrated that sus-
tained adenosine exposure caused endothelial barrier dysfunc-
tion of lung macro- and microvascular endothelial cells; this
effect was associated with disruption of AJs and increased
F-actin stress fiber formation. The endothelial barrier damaging
effect of sustained adenosine was mediated by nucleoside trans-
porters but not by adenosine receptors. We further demon-
strated that sustained adenosine exposure caused endothelial
barrier dysfunction via activation of p38, JNK, and RhoA.

ADA deficiency in humans is associated with severe com-
bined immune deficiency and lung inflammation (26). Adeno-
sine and deoxyadenosine are known substrates for ADA.
Studies from ADA-deficient mice demonstrate that chronic
elevation of deoxyadenosine in the thymus and spleen is respon-
sible for severe combined immune deficiency (45), whereas
sustained increased adenosine in the lung causes a defective
pulmonary phenotype (27). It has been shown that A3R-
deficient mice exhibit enhanced bleomycin-induced lung inflam-
mation (38). A1R/ADA and A2AR/ADA double-deficient
mice have enhanced lung inflammation compared with ADA-
deficient mice (39, 40). These findings suggest that signaling
through A1R, A2AR, and A3R have antiinflammatory effects
on lungs. Although A2BR mediates proinflammatory effects of
adenosine (46, 47), A2BR/ADA double-deficient mice exhibited
exacerbated pulmonary vascular permeability compared with
ADA-deficient mice (5), suggesting that A2BR is not responsible
for sustained adenosine–induced lung edema. Similar to other
G-protein–coupled receptors, prolonged exposure to adenosine
leads to desensitization and internalization of adenosine receptors
(48). Therefore, we speculate that sustained elevated adenosine is
taken up into cells by nucleoside transporters. ECs predom-
inantly express ENT1 and ENT2, with ENT1 expressed at twice
the level of ENT2 (49). ENT1 has a 2.8-fold higher affinity for
adenosine than ENT2 (50). Sodium-dependent concentrative
nucleoside transporters have very low affinity for adenosine
and limited expression in ECs (51). Based on expression level
and adenosine affinity, ENT1 probably plays a major role in
adenosine transport in ECs. The ENT1–specific inhibitors dipyr-
idamole and NBTI (52, 53), but not antagonists against any
adenosine receptors, prevented sustained adenosine exposure–
induced endothelial barrier dysfunction. Our results suggest an
important role of ENT1–mediated adenosine uptake and intra-
cellular metabolism in mediating endothelial barrier dysfunction.

We have previously shown that adenosine increases SAH via
inhibition of SAH hydrolase (41). Increased cytosolic SAH
decreases mitochondrial S-adenosylmethionine (SAM) in rat
hepatocytes (54). As a precursor to glutathione, SAM in mito-
chondria is essential for the maintenance of mitochondrial
function by limiting oxidative stress. Thus, it is possible that
sustained adenosine exposure increases mitochondrial oxidative
stress via decreased mitochondrial SAM (Figure 1). Further
studies are necessary to test this hypothesis.

ROS are important for the maintenance of EC function (55).
However, increased oxidant stress increases EC permeability
(42). p38 and JNK are redox-sensitive proteins (56). We show

Figure 5. Effect of sustained adenosine exposure on oxidative stress.

PAECs were treated with vehicle (V) or 50 mM adenosine (A) in the
absence or presence of 50 mM deoxycoformicin (D) for 24 hours.

Reactive oxygen species (ROS) levels were assessed using 10 mM

2,7-dichlorofluorescein diacetate to generate dichlorofluorescein
fluorescence, which was detected by fluorescence microscopy (a)

and fluorescence microplate reader at Ex 485 and Em 538 (b). Scale

bar ¼ 25 mm. (b) Data presented as percentage of vehicle-treated ECs.

*P , 0.05 versus vehicle-treated ECs (n ¼ 6). (c) PAECs were treated
with vehicle (V) or 50 mM adenosine (A) plus 50 mM deoxycoformicin

(D) in the absence or presence of the antioxidant N-acetylcysteine

(NAC) (12.5 mM) or the NAPDH inhibitor apocynin (Apo; 10 mM)

for up to 40 hours, and EC monolayer permeability was assessed by
ECIS. Arrow indicates the time for addition of treatments; a and c rep-

resent three independent experiments for each.
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that sustained adenosine exposure greatly elevated cellular
ROS levels and activated p38 and JNK. We also show that
inhibition of p38 and JNK blunted sustained adenosine–induced
EC barrier dysfunction. However, neither the antioxidant N-acetyl-
cysteine (NAC) nor the NADPH oxidase inhibitor apocynin
blunted sustained adenosine–induced EC barrier dysfunction.
p38 was activated exclusively in mitochondria, whereas JNK
was activated in cytoplasm and mitochondria by sustained aden-
osine exposure. NAC and apocynin partially attenuated JNK
activation, but had no effect on p38 activation, upon sustained
adenosine exposure. Our data suggest that sustained adenosine
exposure may cause mitochondrial oxidative stress, leading to

activation of p38 and JNK in mitochondria and subsequent EC
barrier dysfunction (Figure 1). We speculate that NAC and
apocynin were ineffective in inhibiting mitochondrial oxidative
stress, thereby failing to inhibit p38 and JNK activation in mi-
tochondria and barrier dysfunction. Further studies are neces-
sary to assess mitochondrial oxidative stress and to determine if
mitochondria-specific antioxidants could attenuate or prevent
sustained adenosine–induced p38 and JNK activation and bar-
rier dysfunction. Our data also suggest that JNK was activated
in cytoplasm via oxidative stress, but this activation of JNK does
not contribute to sustained adenosine–induced barrier dysfunction
(Figure 1). Nevertheless, our data do not rule out ROS-

Figure 6. The role of p38 and
JNK in sustained adenosine–

induced EC barrier dysfunction.

(a) PAECs were treated with ve-

hicle (V) or 50 mM adenosine
(A) in the absence or presence

of 50 mM deoxycoformicin (D)

for the indicated times (5, 24,

and 48 h). Cell lysate was ana-
lyzed for activation of p38,

HSP27, JNK, and Src by immu-

noblot analysis using antibodies
directed against phospho-p38,

phospho-HSP27, phospho-JNK,

and phospho-Src, which corre-

late with activation of each pro-
tein. Ponceau S (P. S) staining

was used to examine protein

loading. (b) PAECs were treated

with vehicle (V) or 50 mM aden-
osine (A) plus 50 mM deoxyco-

formicin (D) in the absence or

presence of ENT inhibitors DPM
10 (mM) or NBTI (10 mM) for

24 hours. Activation of p38

and JNK was assessed in lysate.

(c) PAECs were incubated with
vehicle or 50 mM adenosine (A)

plus 50 mM deoxycoformicin

(D) in the absence or presence

of the antioxidant NAC
(12.5 mM) or the NAPDH inhib-

itor apocynin (Apo; 10 mM) for

24 hours, and activation of p38

and JNK was assessed. (d) PAECs
were incubated with vehicle

or 50 mM adenosine (A) plus

50 mM deoxycoformicin (D)
for 24 hours. Cells were lysed

by homogenization, and mito-

chondria (MT) were isolated

through several centrifugations.
Activation of p38 and JNK in mi-

tochondria and nonmitochon-

dria cytosolic fractions was

assessed by immunoblot analy-
sis. The blots were stripped

and reprobed for total p38,

JNK, and b-tubulin. Data are
representative of three inde-

pendent experiments for

each panel. (e and f ) PAECs were treated with vehicle or 50 mM adenosine (A) plus 50 mM deoxycoformicin (D) in the absence or presence of the

p38 inhibitor SB203580 (10 mM) (e) or of the JNK inhibitor SP600125 (10 mM) (f ) for up to 40 hours. Endothelial monolayer permeability was assessed
by ECIS. Arrows indicate the time for addition of treatments (n ¼ 6–10). *P , 0.05 versus vehicle. FP , 0.05 versus A1D.
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independent mechanisms by which sustained adenosine ac-
tivates p38 and JNK in mitochondria, leading to barrier
dysfunction.

We and others have previously shown that p38 mediates EC
barrier dysfunction and lung edema (34, 57). The p38 down-
stream targetHSP27 modulates actin filament dynamics via
its phosphorylation, thus affecting endothelial permeability. In-
creased HSP27 phosphorylation has been associated with LPS-
induced lung edema (58). Activation of p38 and HSP27 has also
been implicated in HMGB1-induced vascular barrier disruption
in cultured lung ECs (59). Our data show that sustained aden-
osine exposure activated p38/ HSP27 and JNK via nucleoside
transporters and that inhibition of p38 and JNK attenuated
sustained adenosine–induced EC barrier dysfunction. Thus, ac-
tivation of p38/HSP27 and JNK contributes to sustained aden-
osine exposure–induced endothelial barrier dysfunction.

RhoA activation significantly contributes to endothelial bar-
rier dysfunction caused by various edemagenic agents (43).
RhoA is activated by guanine nucleotide exchange factors and
inhibited by GTPase-activating proteins and guanine nucleotide
dissociation inhibitors (43). RhoA is also activated through
direct oxidation of two cysteine residues located in the
redox-sensitive motif GXXXCGK(S/T)C by ROS (44). ROS-
mediated RhoA activation has been seen in vascular smooth
muscle (60). In this study, sustained adenosine exposure in-
creased oxidative stress and RhoA activity. Inhibition of RhoA
kinase partially blunted sustained adenosine–induced EC bar-
rier dysfunction. Thus, our data suggest that RhoA activation,
likely via oxidation, at least in part contributes to sustained
adenosine–induced endothelial barrier dysfunction. Further

studies are required to address whether sustained adenosine–
induced RhoA activation is dependent on mitochondrial oxida-
tive stress and which site(s) of RhoA is oxidized.

In summary, this study demonstrates that exogenous adeno-
sine plus ADA inhibitor causes sustained elevation of adenosine
in cultured lung ECs. Sustained exposure of pulmonary macro-
andmicrovascular ECs to elevated adenosine increases monolayer
permeability through nucleoside transporter–facilitated intracel-
lular adenosine uptake and subsequent activation of p38, JNK,
and RhoA (Figure 1). These findings offer new insights into
the diverse effects of adenosine on pulmonary circulation.

Author disclosures are available with the text of this article at www.atsjournals.org.
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