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During a systemic inflammatory response
endothelial-expressed surface molecules
have been strongly implicated in orches-
trating immune responses. Previous stud-
ies have shown enhanced extracellular
nucleotide release during acute inflamma-
tory conditions. Therefore, we hypoth-
esized that endothelial nucleotide recep-
tors could play a role in vascular
inflammation. To address this hypoth-
esis, we performed screening experi-
ments and exposed human microvascu-
lar endothelia to inflammatory stimuli,
followed by measurements of P2Y or P2X

transcriptional responses. These studies
showed a selective induction of the P2Y6

receptor (> 4-fold at 24 hours). Moreover,
studies that used real-time reverse
transcription–polymerase chain reaction,
Western blot analysis, or immunofluores-
cence confirmed time- and dose-
dependent induction of P2Y6 with tumor
necrosis factor � or Lipopolysaccharide
(LPS) stimulation in vitro and in vivo.
Studies that used MRS 2578 as P2Y6

receptor antagonist showed attenuated
nuclear factor �B reporter activity and
proinflammatory gene expression in hu-

man microvascular endothelial cells in
vitro. Moreover, pharmacologic or ge-
netic in vivo studies showed attenuated
inflammatory responses in P2Y6

�/� mice
or after P2Y6 antagonist treatment during
LPS-induced vascular inflammation.
These studies show an important contri-
bution of P2Y6 signaling in enhancing
vascular inflammation during systemic
LPS challenge and implicate the P2Y6

receptor as a therapeutic target during
systemic inflammatory responses. (Blood.
2011;117(8):2548-2555)

Introduction

Vascular responses contribute significantly to inflammatory disorders
such as systemic inflammatory response syndrome, sepsis, or acute lung
injury.1-4 Because of its large surface area and its anatomic position at the
interface between the blood stream and surrounding tissues, the vascular
endothelium has an exquisite regulatory function in orchestrating acute
inflammatory responses. In fact, inflammatory cells such as phagocytes
or lymphocytes can emigrate from the bloodstream in response to
molecular changes on the surface of blood vessels that signal injury or
infection. For example, � 70 million polymorphonuclear neutrophils
exit the vasculature per minute. These inflammatory cells move into
underlying tissue by initially passing between endothelial cells that line
the inner surface of blood vessels. This process, referred to as transendo-
thelial migration is particularly prevalent in inflamed tissues. Although
several studies suggested that specific molecules may establish “bottle-
necks” to the control of the inflammatory response of the vasculature,
only limited information exists about the biochemical events that
initialize and dynamically regulate vascular inflammation.

Under pathologic conditions such as acute inflammation, isch-
emia, or hypoxia extracellular nucleotides are released by multiple
cell types.5,6 For example, vascular endothelia, platelets, erythro-
cytes, or inflammatory cells can release nucleotides. Moreover,
activation of extracellular nucleotide receptors (P2X receptors,

ligand-gated ion channels; P2Y receptors, G protein–coupled
receptors) has been implicated in driving an inflammatory pheno-
type in different disease models.7 As such, studies in human and in
mice implicate P2 receptor activation in pulmonary inflammation
in the context of asthma8 or chronic lung injury.9 However, the role
of nucleotide signaling during a systemic inflammatory response
syndrome or sepsis remains largely unknown.

On the basis of these findings, we hypothesized that vascular
inflammation could drive transcriptional alterations of P2 receptors
involved in the dynamic regulation of vascular inflammation. Consistent
with this hypothesis, we found a selective induction of endothelial-
expressed P2Y6 receptors on tumor necrosis factor � (TNF-�), lipopoly-
saccharide (LPS), and interleukin-1� (IL-1�) exposure in vitro. More-
over, combination of pharmacologic and genetic studies showed a
surprising role for P2Y6 signaling in enhancing vascular inflammatory
responses during systemic LPS challenge.

Methods

An expanded section for the described methods can be found in supplemen-
tal Methods (available on the Blood Web site; see the Supplemental
Materials link at the top of the online article).
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Cell culture and inflammatory stimulation

The human microvascular endothelial cell line (HMEC-1) and human
coronary artery endothelial cells (HCAECs) were cultured as previously
described.10-14

Transcriptional analysis

Transcriptional analysis was performed as described previously.15-18 Primer
sets and annealing temperatures are summarized in supplemental Table 1.

Microarray

Confluent HMEC-1 cells were exposed to 100 ng/mL recombinant human
TNF-� (Promokine) for 4 and 24 hours. Three separate Petri dishes were pooled,
and total RNA was isolated. Agilent Whole Human Genome Oligo Microarrays
4 � 44K were performed and analyzed by Miltenyi Biotec. Microarray data were
accepted and published on Gene Expression Omnibus, National Center for
Biotechnology Information, submission number 18102, and can be found at
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc � GSE18102.

Immunoblotting experiments

HMEC-1 cells were grown to confluence and were exposed at the indicated
times to 10 ng/mL TNF-� (Promokine). Immunoblotting experiments were
performed by a slight modification of methods as described previously.14

Evaluation of nuclear factor �B activity

We used reporter assays to assess nuclear factor �B (NF-�B) activity. To
measure the transcriptional activity of NF-�B, endothelial cells were plated
in 24-well plates at a density of 2.5 � 104 cells/well and were allowed to
adhere overnight. The monolayers were then transfected with 0.25 �g of
either NF-�B promoter reporter (Clontech) or control pGL3 vector for
4 hours with the use of GeneJuice Transfection Reagent (Novagen/Merck)
according to the manufacturer’s instructions. Cells were exposed to the
P2Y6 receptor antagonist MRS 2578 (Tocris) or solvent (dimethyl sulfoxide
[DMSO]) for 30 minutes. Subsequently, 10 ng/mL TNF-� were added for
another 2 hours. At the end of the incubation period, cells were washed
twice in ice-cold phosphate-buffered saline, and luciferase activity was
measured with the use of the Luciferase Assay System (Promega). For
normalization protein concentration was determined with the use of a BCA
Protein Assay kit (Pierce Protein Research Products, Thermo Scientific).

Repression of inflammatory cytokine mRNA by MRS 2578

HMEC-1 cells were preincubated with 10�M MRS 2578 for 30 minutes.
TNF-� (10 ng/mL) was added, and cells were lysed after indicated time
points. mRNA levels of NF-�B–induced genes were determined with the
use of the primer sets summarized in supplemental Table 1.

Immunofluorescence

HCAECs were seeded on glass coverslips and stimulated with 10 ng/mL
TNF-�. After 24 hours of incubation, cells were fixed and permeabilized
with Triton-X for 2 minutes. Cells were washed and blocked with 0.1% Tris
(tris(hydroxymethyl)aminomethane)–buffered saline and Tween (TBST)
and 3% skim milk for 1 hour. Anti–human P2Y6 receptor antibody (Santa
Cruz Biotechnology) was administered for 2 hours. Cells were washed and
incubated with Alexa Fluor 488 goat anti–rabbit immunoglobulin G
antibody (Invitrogen) for 45 minutes. After that, cells were washed and
mounted in 20 �L of Prolong Gold Antifade Reagent (Invitrogen).

Tissue slices of mouse aorta were obtained from samples set in paraffin.
After deparaffinization, slides were boiled in citrate buffer in the microwave
for 3 minutes. Probes were blocked with 3% bovine serum albumin in 0.5%
TBST for 2 hours at room temperature. Slides were washed and then either
incubated with Santa Cruz P2Y6 receptor goat anti–mouse antibody
(concentration 4 �g/mL) or Santa Cruz–negative control normal goat
immunoglobulin G (concentration 4 �g/mL) or TBST only for 2 hours at
room temperature. Probes were washed and incubated with Alexa Fluor 488
donkey anti–goat antibody (Invitrogen) for 1 hour. After that, probes were

washed and mounted in 20 �L of Prolong Gold Antifade Reagent
(Invitrogen).

Murine endotoxinemia model

C57BL/6 mice (Charles River Laboratories) or previously described
P2Y6

�/� mice on C57BL/6 background19 or corresponding littermate
controls matched in age, sex, and weight were used. Mice were anesthe-
tized, and 300 �g of LPS (Escherichia coli O26:B6; Sigma) or vehicle were
injected into the jugular vein. Where indicated, 100 �L of 10�M antagonist
MRS 2578 were given before and 1 hour after the application of LPS. All
animal studies were approved by the local animal ethics committee
(Regierungspräsidium Tübingen or Freiburg) and performed according to
the respective guidelines.

Data analysis

Statistical analysis was performed by Student t test with the use of
GraphPad Prism 5. Values are expressed as mean � SD from � 3 separate
experiments.

Results

The endothelial P2Y6 receptor is selectively induced after
TNF-� exposure

On the basis of studies showing enhanced nucleotide release during
conditions of inflammation, ischemia, or hypoxia,5,6,11,20-22 and the
known role of P2 receptors in driving inflammatory events,8-9,23-25

we pursued transcriptional responses of previously described
nucleotide receptors in vascular endothelia. We gained first insight
from a microarray study in HMEC-1 endothelia that were exposed
to 100 ng/mL TNF-�. For the purpose of studying extracellular
nucleotide signaling, we compiled all data for known nucleotide
P2Y and P2X receptors (Table 1; http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc � GSE18102). Surprisingly, these studies showed
a selective induction of the P2Y6 receptor transcript after TNF-�
stimulation. As such, this screening experiment pointed us toward a
potential role of P2Y6 as a candidate receptor for nucleotide-
elicited alteration of vascular inflammation.

Table 1. Microarray results of endothelial P2 receptor expression
after TNF-� stimulation

Gene
TNF-� for 4 h

(absolute fold change)
TNF-� for 24 h

(absolute fold change)
Agilent array
designation

P2RY1 1.00 1.00 A_23_P382835

P2RY2 1.22 1.24 A_23_P24903

P2RY4 1.24 1.08 A_23_P114307

P2RY6 1.50 2.06* A_23_P64611

P2RY11 1.21 1.11 A_23_P4696

P2RY12 1.07 1.51 A_23_P143902

P2RY13 1.00 1.00 A_23_P211948

P2RY14 1.00 1.00 A_24_P165864

P2RX1 1.09 1.04 A_23_P372848

P2RX2 1.04 1.14 A_23_P124003

P2RX3 1.01 1.08 A_23_P127721

P2RX4 1.21 1.17 A_23_P53623

P2RX5 1.24 1.19 A_23_P413760

P2RX6 1.00 1.00 A_23_P355980

P2RX7 1.38 1.00 A_24_P319113

Human microvascular endothelial cells (HMEC-1) were exposed to 100 ng/mL
TNF-� for 24 hours. For each microarray, 3 different samples were pooled. RNA was
isolated, and an Agilent Whole Genome Microarray was performed.

*P of log ratio 	 .05.
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Intrigued by this observation, we used real-time reverse transcrip-
tion–polymerase chain reaction (RT-PCR) to confirm our initial
microarray findings. For this purpose, we stimulated HMEC-1 cells
with TNF-� over 24 hours and assessed transcript levels of all
known P2 receptors (Figure 1). Consistent with our microarray
studies, we observed a selective and robust (4.2 � 2; P 	 .05)
induction of P2Y6 receptor transcript. To confirm these initial
screening experiments, we exposed cultured endothelial cell lines
(HMEC-1 and HCAEC) to different doses and time periods of
TNF-� stimulation and assessed P2Y6 transcriptional responses.
Here, we found time- and dose-dependent increases of P2Y6

transcript levels in HCAECs (Figure 2A-B) and in HMEC-1 cells
(Figure 2C-D). Moreover, P2Y6 receptor induction was also
observed on IL-1� or LPS exposure of HMEC-1 cells (Figure 2E).
In addition, P2Y6 protein levels after inflammatory stimulation of
vascular endothelia were elevated with the use of immunofluores-
cence (Figure 2F) or Western blotting (Figure 2G).

P2Y6 receptor antagonist MRS 2578 dampens
mediator-induced inflammation of vascular endothelia in vitro

After having shown that P2Y6 receptor transcript and protein
expressions are selectively increased on inflammatory stimulation,
we next studied functional consequences of endothelial P2Y6

signaling in vitro. As in the in vitro model, we transfected HMEC-1
cells with a NF-�B reporter plasmid containing the binding sites for
p50/p65. Treatment of HMEC-1 cells with the P2Y6 agonist uridine
diphosphate only resulted in a modest increase in NF-�B activity
(1.64-fold � 0.45[fold; P 	 .05; supplemental Figure 1). How-
ever, and consistent with previous studies implicating P2Y6

signaling in NF-�B activity,26,27 we observed a profound inhibition
of basal NF-�B activity in the presence of the P2Y6 antagonist
MRS 2578. This reduction of NF-�B activity was time (Figure 3A)
and dose (Figure 3B) dependent. As such, these studies indicate
that downstream targets of P2Y6 activation are necessary but not

sufficient for NF-�B activation and speak for an indirect effect in
enhancing vascular inflammation.

Next, we examined if NF-�B activation by proinflammatory
mediators (eg, TNF-�) was attenuated after pharmacologic inhibi-
tion of the P2Y6 receptor. For this purpose, we again used HMEC-1
endothelia that were transfected with a NF-�B reporter. Although
treatment with 10 ng/mL TNF-� significantly increased NF-�B
reporter activity in media alone or in vehicle-treated cells (DMSO),
this response was completely abolished in HMEC-1 cells pre-
treated with the P2Y6 receptor antagonist MRS 2578 (Figure 3C).
Together, these studies show a profound inhibition of TNF-�–
induced NF-�B activation after pharmacologic blockade of the
P2Y6 receptor.

After these studies, we examined the effect of treatment with the
P2Y6 receptor antagonist on TNF-�–induced expression of proin-
flammatory cytokines and adhesion molecules. For this purpose we
examined the transcript levels of IL-8 (Figure 4A), vascular cell
adhesion molecule 1 (VCAM-1; Figure 4B), and intercellular
adhesion molecule 1 (Figure 4C) after TNF-� exposure. In fact,
these studies showed significant reduction of TNF-�–induced
proinflammatory gene expression with pharmacologic inhibition of
P2Y6. Taken together, these studies show that inhibition of P2Y6

dampens the inflammatory response of vascular endothelia in vitro.

P2Y6 receptor is induced in vivo after intravenous LPS
treatment

After having shown a selective induction of the P2Y6 receptor in
conjunction with a functional role in vascular inflammation in
vitro, we next examined changes in P2Y6 receptor expression
levels under vascular inflammatory conditions in vivo. As a murine
model of vascular inflammation, we treated mice with an intrave-
nous injection of 300 �g of LPS or vehicle given into the jugular
vein and examined P2Y6 expression patterns at 24 hours after LPS
treatment. Examination of P2Y6 transcript levels showed a robust
induction of P2Y6 in vascular organs such as the kidney (Figure
5A) and the heart (Figure 5B). Moreover, immunofluorescence of
the abdominal aorta (Figure 5C) showed vascular induction of the
P2Y6 receptor after intravenous LPS treatment. Although these
studies showed induction of the P2Y6 receptor in multiple cells (eg,
vascular smooth muscle cells), this response was most prominent in
the vascular endothelia.

Pharmacologic inhibition or genetic deletion of the P2Y6

receptor convey protection from LPS-induced inflammation

After having shown that murine P2Y6 receptor is induced after
systemic LPS treatment, we next pursued pharmacologic and
genetic studies to address a functional in vivo role of P2Y6

signaling. Here, we exposed wild-type mice treated with the P2Y6

receptor antagonist MRS 2578 or vehicle (DMSO) to intravenous
LPS (300 �g) and compared corresponding serum keratinocyte
derived chemokine levels by enzyme-linked immunoabsorbent
assay. We observed that KC serum protein levels were dramatically
increased in LPS-treated wild-type mice exposed to vehicle alone.
In contrast, serum KC elevations were attenuated in mice treated
with the P2Y6 receptor antagonist (Figure 5D).

Next, we examined previously described gene-targeted mice for
P2Y6

19or littermate control mice matched in weight, sex, and age.
Two hours after administering 300 �g of intravenous LPS serum
KC levels examined by enzyme-linked immunoabsorbent assay
were significantly lower in P2Y6

�/� mice than in the corresponding
control mice (Figure 5E). Next, we examined transcript levels of

Figure 1. Endothelial P2 receptor expression after inflammatory stimulation.
HMEC-1 cells were exposed to 10 ng/mL TNF-� for 24 hours. Receptor expression
levels of the 15 known P2 receptors were determined in controls and TNF-�–
stimulated cells by real-time RT-PCR. Data were calculated relative to the internal
housekeeping gene 
-actin and are expressed as mean � SD fold change compared
with the control (without TNF-�) (n � 3-4). Primers and PCR conditions are
summarized in the supplemental data.
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VCAM-1 in vascular organs of LPS-treated P2Y6
�/� mice or

littermate controls matched in age, sex, and weight. In fact, these
studies showed that renal (Figure 5F) and cardiac (Figure 5G)
VCAM-1 levels were induced in LPS-treated control animals
2 hours after exposure to LPS. Importantly, however, increased

VCAM-1 expression was almost completely abolished in P2Y6
�/�

mice. As additional readout for vascular inflammatory responses
we used the albumin marker Evans blue. Here, we observed that
LPS-induced increases in albumin leakage into vascular organs
were significantly attenuated in P2Y6

�/� mice (kidney, Figure 5H;

Figure 2. Endothelial P2Y6 receptor up-regulation
after TNF-� stimulation. HCAECs (A-B) or HMEC-1
cells (C-D) were exposed to TNF-� for the indicated time
periods or with indicated doses. P2Y6 receptor transcript
was determined by real-time RT-PCR. Data were calcu-
lated relative to the internal housekeeping gene (
-actin)
and are expressed as mean � SD fold change com-
pared with controls (without TNF-�) (n � 3-4).
(E) HMEC-1 cells were exposed to LPS, IL-1�, and
TNF-� for 24 hours. (F) HCAECs were grown to conflu-
ence on cover glasses and exposed to 10 ng/mL TNF-�
for 24 hours. Cell layers were stained with antibodies
specific for human P2Y6 receptor and Alexa Fluor 488–
coupled secondary antibody (green) or isotype controls
and Alexa Fluor 488–coupled secondary antibody or
Alexa Fluor 488–coupled secondary antibody only. DAPI
(4�,6-diamidino-2-phenylindole) was used as nuclear
counterstain (blue). Slides were kept on ice before image
acquisition. Probes were analyzed by confocal micros-
copy with the use of Zeiss Laser Scanning Microscope
LSM 710 and the Plan-Apochromat 63�/1.40 Oil Dic
M27 objective lens with oil immersion. Zen software was
used for acquisition and image processing (� adjust-
ment) applied equally to all images. One representative
image of 3 is displayed. (G) HMEC-1 cells were exposed
to TNF-� for the indicated time periods, and P2Y6

receptor protein was determined by Western blotting.
The same blot was stripped and reprobed for human

-actin as a control for protein loading. One of
3 representative Western blots is displayed.
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heart, Figure 5F).Taken together, these studies provide genetic and
pharmacologic in vivo evidence for a role of P2Y6 signaling in
vascular inflammation after LPS treatment.

Discussion

Although research work over the past decades has clearly identified
several groups of vascular inflammatory proteins that regulate
inflammatory cell trafficking across the endothelial monolayer,
biochemical processes that govern vascular inflammatory re-
sponses are less clearly defined. On the basis of the observation that
extracellular nucleotide levels are dramatically increased after
inflammatory stimulation, ischemia, or hypoxia, we pursued the
hypothesis that extracellular nucleotide receptor signaling could
play a role in vascular inflammation. Initial microarray studies
pointed us toward a selective induction of the P2Y6 receptor after
inflammatory stimulation. With the use of real-time RT-PCR and
Western blotting, we were able to confirm a robust induction of
P2Y6 transcript and protein levels on inflammatory stimulation of
model endothelia. Moreover, functional in vitro and in vivo studies
combining pharmacologic or genetic approaches have shown a role
of P2Y6 signaling in enhancing vascular inflammation. Taken
together, these studies provide evidence for a selective role of the
P2Y6 receptor in enhancing vascular inflammatory responses and
implicate the P2Y6 antagonist as a treatment form for conditions
characterized by excessive vascular inflammation.

Although the present studies clearly indicate that endothelial
P2Y6 receptors are transcriptionally induced on inflammatory
stimulation, the transcriptional mechanism remains unknown. This
could at least in part be related to the diversity of P2Y6 receptor
variants. In fact, 4 variants of the P2Y6 receptor have been
identified [(1) NM_176797.1, (2) NM_176798.1, (3) NM_176796.1,
(4) NM_004154.3; http://www.ncbi.nlm.nih.gov/gene/5031; supple-
mental Figure 2A]. Studies that used different RT-PCR primers

(supplemental Figure 2B) indicate the likelihood that all 4 variants
are induced by inflammatory stimuli (supplemental Figure 2C).
However, only P2Y6 receptor variant 1 and variant 3 share
homology in their promoter region (supplemental Figure 3). In fact,
transcription factor binding searches indicate binding sites for
different transcription factors for the individual variants (eg, only
the promoter of variant 2 contains a binding site for NF-�B),
indicating that the transcriptional regulation of P2Y6 during
inflammatory conditions is complex and could involve different
transcription factors.

Consistent with the present results, a previous study addressed
the role of nucleotide receptor signaling in epithelial inflamma-
tion.28 That study determined the effect of intestinal inflammation
on P2Y6 receptor expression by PCR in the mouse, rat, and human.
The investigators of that study found that epithelial inflammation
induces epithelial P2Y2 and P2Y6 receptors in the mucosa of the
colon of colitic mice. As such, that study was among the first to
show a role of P2Y receptors in the inflammatory response of
intestinal epithelia. Other studies have shown a role of P2Y6

receptor activation in enhancing NF-�B activity in osteoclasts and
an associated increase in their survival.29 Further studies have
shown that P2Y6 receptor activation mediates the release of
proinflammatory cytokines and chemokines in monocytic cells.19,30

Taken together, these studies are consistent with the present in vitro

Figure 3. Effect of P2Y6 receptor antagonist MRS 2578 on endothelial NF-�B
activity. To measure the NF-�B activity, vascular endothelia (HMEC-1) were
transfected with 0.25 �g of either NF-�B promoter reporter (Clontech) or control
pGL3 vector. Cells were exposed to the P2Y6 receptor antagonist MRS 2578 either
with or without TNF-� for the indicated time periods. As readout for NF-�B activity
cells were lysed, and luciferase activity was determined relative to the total protein
concentration. (A-B) Unstimulated NF-�B activity after exposure to indicated times or
concentrations of MRS 2578. (C) NF-�B activity after stimulation with MRS 2578
(30 minutes) and after stimulation with TNF-� (10 ng/mL) for 2 hours. Results are
displayed as mean � SD (n � 3).

Figure 4. Effect of P2Y6 receptor antagonist MRS 2578 on TNF-�–induced gene
expression in vascular endothelia. Vascular endothelia (HMEC-1) were pretreated
with vehicle (DMSO) or MRS 2578 (10�M) and after 30 minutes were exposed to
TNF-� (10 ng/mL). Transcript levels of IL-8 (A), VCAM (B), or intercellular adhesion
molecule (C) were determined by real-time RT-PCR relative to housekeeping gene

-actin 2 hours after TNF-� exposure (n � 4).
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and in vivo findings that implicate P2Y6 signaling in vascular
inflammation. In fact, it is conceivable that enhanced inflammatory
responses could also involve cross-talk pathways between epithe-
lial cells and vascular endothelia.31 For instance, nucleotide release
has been previously implicated in the cross talk between different
cell types.5,11 Moreover, it is somewhat unclear whether the role of
P2Y6 in inflammation and barrier function is direct or indirect. The
fact that we observed only mild increases in inflammatory activa-
tion with P2Y6 agonist treatment of cultured endothelia (see
supplemental Figure 1) argues for an indirect effect. As such, P2Y6

signaling could represent an additional mechanism for “fine-
tuning” inflammatory pathways in the setting of a systemic
stimulus (eg, LPS).

Although the present studies show that activation of the P2Y6

receptor can enhance vascular inflammation, extracellular nucleo-
tides also represent the metabolic substrate for extracellular
generation of adenosine and uridine. In fact, extracellular adeno-
sine is known to be an important anti-inflammatory signaling
molecule. This paradigm goes back to studies showing an anti-
inflammatory effect of adenosine signaling on inflammatory

Figure 5. P2Y6 receptor expression after intravenous
LPS treatment and attenuated inflammatory re-
sponses in P2Y6�/� mice after intravenous LPS
exposure. (A-B) C57BL/6 mice received an intravenous
injection of LPS (300 �g; E coli O26:B6) or vehicle
control (phosphate-buffered saline [PBS]). Induction of
P2Y6 mRNA was seen in kidney (A) and heart (B).
(C) C57BL/6 mice received an intravenous injection of
LPS (300 �g; E coli O26:B6) or vehicle control (PBS).
Abdominal aorta was stained with antibodies specific for
murine P2Y6 receptor and Alexa Fluor 488–coupled
secondary antibody (green) or isotype controls and
Alexa Fluor 488–coupled secondary antibody or Alexa
Fluor 488–coupled secondary antibody only. DAPI
(4�,6-diamidino-2-phenylindole) was used as nuclear
counterstain (blue). Slides were kept on ice before image
acquisition. Probes were analyzed by confocal micros-
copy with the use of Zeiss Laser Scanning Microscope
LSM 710 and the Plan-Apochromat 20�/0.8 M27 objec-
tive lens with oil immersion. Zen software was used for
acquisition and image processing (� adjustment) applied
equally to all images. White arrows indicate luminal
side. One representative image of 3 is displayed.
(D) Determination of plasma KC levels by enzyme-linked
immunoabsorbent assay (ELISA) in C57Bl/6 wild-type
mice treated with MRS 2578 and DMSO (solvent of MRS
2578) 2 hours after intravenous injection of LPS (300 �g;
E coli O26:B6) or vehicle control (PBS) (wild-type
control, n � 8; wild-type LPS, n � 8; P2Y6

�/� control,
n � 6; P2Y6

�/� LPS, n � 6). (E) Determination of plasma
KC levels by ELISA in C57Bl/6 wild-type versus P2Y6

�/�

mice 2 hours after intravenous injection of LPS (300 �g;
E coli O26:B6) or vehicle control (PBS) (wild-type con-
trol, n � 10; wild-type LPS, n � 10; P2Y6

�/� control,
n � 8; P2Y6

�/� LPS, n � 14). (F-G) Two hours after the
LPS injection, mice were killed, and vascular organs
(heart, kidney) were harvested. Transcript levels of
VCAM were determined by real-time RT-PCR relative to
the housekeeping gene 
-actin in vascular organs
(F) kidney (control, n � 3; LPS, n � 6) or (G) heart
(control, n � 4; LPS, n � 6). All results are displayed as
mean � SD. (H-I) Determination of Evans blue concen-
tration in kidney and heart tissue of C57Bl/6 wild-type
versus P2Y6

�/� mice 2 hours after intravenous chal-
lenge with 300 �g of LPS. (H) Kidney (wild-type control,
n � 4; wild-type LPS, n � 10; P2Y6

�/� control, n � 6;
P2Y6

�/� LPS, n � 12). (I) Heart (wild-type control, n � 4;
wild-type LPS, n � 10; P2Y6

�/� control, n � 6; P2Y6
�/�

LPS, n � 11).
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cells.32,33 As such, adenosine triphosphate (ATP) or adenosine
diphosphate (ADP) can be rapidly hydrolyzed to adenosine in a
2-step enzymatic process that involves the ectonucleoside triphos-
phate diphosphohydrolase 1 (CD39; conversion of ATP/ADP to
adenosine monophosphate [AMP]) 11,18,21,22,34 and the ecto-5�-
nucleotidase (CD73; conversion of AMP to adenosine).34-39 Several
studies have implicated extracellular adenosine signaling in attenu-
ating acute inflammatory responses during conditions such as
hypoxia-induced vascular leakage and pulmonary edema,10-11,13,40

sepsis,41,42 or acute lung injury.15,16,42,43 As such, experimental
approaches that will enhance extracellular nucleotide breakdown
and their subsequent conversion to adenosine will simultaneously
dampen activation of nucleotide receptors (such as the P2Y6) and
increase extracellular adenosine signaling. Consistent with this
concept, previous studies have shown that treatment with apyrase
(enhances ATP/ADP phosphohydrolysis) or nucleotidase (en-
hances AMP phosphohydrolysis) are effective in the treatment of
acute inflammatory disease such as acute lung injury,2-3,15,43,44

hypoxia-induced vascular permeability changes,39 or organ isch-
emia.21-22,36-38,45 Interestingly, also extracellular uridine (derived
from the P2Y receptor agonist uridine triphosphate or uridine
diphosphate) is implicated as an anti-inflammatory signaling
molecule.46

Taken together, the present studies show selective induction of
the vascular P2Y6 receptor after inflammatory stimulation in
conjunction with enhanced systemic inflammation. These findings
implicate pharmacologic strategies that dampen P2Y6 signaling
(eg, apyrase treatment or selective P2Y6 receptor blockade) in the
treatment of inflammatory disorders that involve a vascular pheno-
type, such as systemic inflammatory response syndrome, or sepsis.
Future challenge will involve the definition of pharmacologic
approaches, their translation from murine models toward the

treatment of patients, and the identification of potentially unwanted
side effects, such as alterations in coagulation or platelet func-
tion,47,48 heart rate, and blood pressure,49 or the consequences of
chronic elevation of extracellular adenosine levels.3,50
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