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Extracellular ATP Induces Vascular Inflammation
and Atherosclerosis via Purinergic Receptor Y, in Mice

Peter Stachon, Serjosha Geis, Alexander Peikert, Adrian Heidenreich, Nathaly Anto Michel,
Fatih Unal, Natalie Hoppe, Bianca Dufner, Lisa Schulte, Timoteo Marchini, Sanja Cicko,
Korcan Ayata, Andreas Zech, Dennis Wolf, Ingo Hilgendorf, Florian Willecke,
Jochen Reinohl, Constantin von zur Miihlen, Christoph Bode, Marco Idzko,* Andreas Zirlik*

Objective—A solid body of evidence supports a role of extracellular ATP and its P2 receptors in innate and adaptive
immunity. It promotes inflammation as a danger signal in various chronic inflammatory diseases. Thus, we hypothesize
contribution of extracellular ATP and its receptor P2Y, in vascular inflammation and atherosclerosis.

Approach and Results—Extracellular ATP induced leukocyte rolling, adhesion, and migration in vivo as assessed by
intravital microscopy and in sterile peritonitis. To test the role of extracellular ATP in atherosclerosis, ATP or saline as
control was injected intraperitoneally 3x a week in low-density lipoprotein receptor”- mice consuming high cholesterol
diet. Atherosclerosis significantly increased after 16 weeks in ATP-treated mice (n=13; control group, 0.26 mm2; ATP
group, 0.33 mm2; P=0.01). To gain into the role of ATP-receptor P2Y, in ATP-induced leukocyte recruitment, ATP was
administered systemically in P2Y -deficient or P2Y,-competent mice. In P2Y ,-deficient mice, the ATP-induced leukocyte
adhesion was significantly reduced as assessed by intravital microscopy. P2Y, expression in atherosclerosis was measured
by real-time polymerase chain reaction and immunohistochemistry and demonstrates an increased expression mainly
caused by influx of P2Y,-expressing macrophages. To investigate the functional role of P2Y, in atherogenesis, P2Y,-
deficient low-density lipoprotein receptor’~ mice consumed high cholesterol diet. After 16 weeks, P2Y,-deficient mice
showed significantly reduced atherosclerotic lesions with decreased macrophages compared with P2Y -competent mice
(n=11; aortic arch: control group, 0.25 mm?; P2Y2-deﬁcient, 0.14 mm?2; P=0.04). Mechanistically, atherosclerotic lesions
from P2Y ,-deficient mice expressed less vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 RNA.

Conclusions—We show that extracellular ATP induces vascular inflammation and atherosclerosis via activation of
P2Y,. (Arterioscler Thromb Vasc Biol. 2016;36:1577-1586. DOI: 10.1161/ATVBAHA.115.307397.)
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TP is the crucial universal energy carrier in cellular respi-

ration,' thus intracellular concentrations can reach up to 8
mmol/L. Of note, many forms of cellular irritation such as cell
death, hypoxia, or inflammation promotes the release of ATP
from intracellular storage pool into the extracellular compart-
ment. Thereby active and passive modes can be involved; for
instance, platelet aggregation triggers ATP release via vesicu-
lar release, whereas activated neutrophils can spill ATP via
connexin hemichannels. Pannexin channels seem to be one of
the major modes of ATP release from apoptotic cells. Once
in the extracellular compartment, ATP can bind to purinergic
receptors acting either as a find-me signal or danger signal
modulating/inducing inflammatory responses.”” Purinergic
receptors are almost ubiquitously expressed in all kinds of
tissues and contribute to innate and adaptive immunity.®’

Extracellular ATP activates 2 kinds of purinergic receptors:
purinergic receptors Y (P2Y-receptors) are G-protein—coupled
receptors (P2Y ,, . 1, ;,,) and purinergic receptors X (P2X
receptors; P2X| ) are plasma membrane ion-channels.®’
Purinergic receptors contribute to various chronic inflamma-
tory diseases, including chronic obstructive pulmonary dis-
ease, allergic dermatitis, or graft versus host disease.!®!?
Atherosclerosis is a chronic inflammatory disease and
accounts for tremendous morbidity and mortality worldwide.'*
Innate and adaptive immunity drives atherogenesis in every
step from atheroma formation, to progression, and complica-
tion.!>1¢ Several previous studies suggest a role of extracel-
lular nucleotides and purinergic receptors in atherosclerosis
and vascular inflammation: P2Y deficiency reduces athero-
sclerosis and limits leukocyte adhesion in mice.'”'® The UDP
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Nonstandard Abbreviations and Acronyms

HCD high cholesterol diet

ICAM-1 intercellular cell adhesion molecule 1
LDLR low-density lipoprotein receptor
P2X purinergic receptors X

P2Y purinergic receptors Y
SMC smooth muscle cells

VCAM-1 vascular cell adhesion molecule 1

receptor P2Y, contributes to experimental atherosclerosis."
P2Y , antagonists such as clopidogrel, prasugrel, or ticagrelor
are clinically used in patients with coronary heart disease to
inhibit platelet aggregation.?®?! But beyond its role in platelet

aggregation, P2Y ,-deficient mice are protected from vascular
inflammation and atherosclerosis.??

Extracellular ATP and UTP activate equipotentially
mitogen-activated protein kinases via the purinergic receptor
P2Y,.* The ATP-P2Y, interaction increases levels of che-
mokines such as keratinocyte-derived chemokine and macro-
phage inflammatory protein 2 levels, and P2Y,-deficient mice
express reduced vascular cell adhesion molecule 1 (VCAM-
1).%78 Thus, activation of the ATP- P2Y, axis guides leuko-
cyte to sites of inflammation.

Because leukocyte recruitment to the vessel wall is a cru-
cial step in atherogenesis,”** we hypothesized that extracel-
lular ATP plays an important role in leukocyte recruitment to
the inflamed vessel wall and atherosclerosis via P2Y,, and that
P2Y, deletion limits experimental atherosclerosis.
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Figure 1. Extracellular ATP in leukocyte recruitment. C57/BL6 mice were stimulated with thioglycolate intraperitoneally for induction

of sterile peritonitis. ATP (100 nmol) was injected additionally in the peritoneal cavity (ATP group), PBS served as control (PBS). Perito-
neal leukocytes were counted after 4 h (A). C57/BL6 mice were intraperitoneally stimulated with either PBS or 100 nmol ATP. Intravital
microscopy of mesenteric vessels was performed after 2 hours, and leukocyte rolling and adhesion were measured (B). Representative
images are shown in C. Adherent cells to mesenterial vessels were determined with intravital microscopy after stimulation with increas-
ing doses of ATP (D). CX3CR1-GFP (green fluorescence protein) mice were intraperitoneally stimulated with either PBS or 100 nmol ATP.
Intravital microscopy was performed after 2 hours, and leukocyte rolling and adhesion were measured (E). Data are presented as pooled
mean+SEM. Statistical analysis used the Student 2-tailed t test for paired or unpaired values.
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Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Extracellular ATP Induces Leukocyte

Rolling, Adhesion, and Migration

Leukocyte recruitment to the vessel wall is a crucial step in
atherogenesis. To elucidate the role of extracellular ATP in leu-
kocyte migration to the site of inflammation, sterile peritonitis
was induced in C57/BL mice. Whenever extracellular ATP was
injected into mice, significantly more leukocytes entered the
peritoneal cavity compared with saline-injected control mice
(Figure 1A). Intravital microscopy of mesenteric vessels was
performed to functionally dissect leukocyte recruitment after
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ATP stimulation. Extracellular ATP induced both leukocyte
rolling and adhesion (Figure 1B and 1C). ATP-mediated leu-
kocyte adhesion proved to be dose-dependent because more
leukocytes adhered with increasing doses of ATP (Figure 1D).

Because monocytes are the predominant leukocyte cell
fraction recruited into the atherosclerotic vessel wall, we eval-
uated the role of extracellular ATP in monocyte recruitment by
intravital microscopy of CX3CR-1-GFP (green fluorescence
protein) mice. In accord with the previous findings, extracellu-
lar ATP promoted monocyte rolling and adhesion to the vessel
wall (Figure 1E).

Atherogenesis Increases Plasma

Level of Extracellular ATP

To elucidate the contribution of extracellular ATP in athero-
sclerosis, ATP levels were measured in nonatherosclerotic
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Figure 2. Extracellular ATP in atherosclerosis. Low-density lipoprotein receptor (LDLR)”- mice consumed a chow or high cholesterol diet
(HCD) for 8 wk. ATP levels were measured after 4 wk; representative sections of aortic root are shown at the bottom of A. LDLR~- mice
were consumed a HCD for 16 wk. The control group was injected with 300-uL PBS (n=13), the ATP group with 10-nmol ATP in 300-pL
PBS (n=13) 3x per wk. Size of atherosclerotic lesions was analyzed in aortic arch and abdominal aorta. Analysis is shown in B, represen-
tative images of aortic arch in C and abdominal aorta in D. Plaque composition was determined by immunohistochemistry for lipids (Oil-
red-0), macrophages (anti-Mac-3), smooth muscle cells (SMCs; anti-a-actin), and collagen (Picrosirius Red). Quantification is shown in
E. Data are presented as pooled mean+SEM. Statistical analysis used the Student 2-tailed t test for paired or unpaired values.
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Table 1. Baseline Characteristics of ATP Injection Study
ATP
Control | Stimulation
LDLR-"- LDLR-"- PValue
Total leukocytes after diet, tsd/pL 7.7 94 0.07
Lymphocytes/leukocytes 0.62 0.61 0.17
T cells/lymphocytes 0.23 0.29 0.12
T-helper cells/T cells 0.57 0.55 0.25
T-killer cells/T cells 0.38 0.39 0.07
B cells/lymphocytes 0.59 0.64 0.22
Monocytes/leukocytes 0.09 0.20 0.08
Inflammatory monocytes/monocytes 0.58 0.54 0.50
Weight, g, after diet 8583 31.2 <0.01
Triglycerides after diet, mg/dL 189 170 0.67
Cholesterol after diet, mg/dL 530 468 0.26

After 16 weeks of high cholesterol diet blood was taken, and total
leukocytes were measured in thousand per microliter (tsd/pL). Furthermore,
leukocyte subsets were determined by fluorescence-activated cell sorter
analysis after diet. Weight and plasma total cholesterol were measured
after diet.

low-density lipoprotein receptor (LDLR)™ mice consuming
a chow diet and atherosclerotic LDLR™~ mice consuming
high cholesterol diet (HCD). After 8 weeks of HCD, animals
showed atherosclerotic lesions in the aortic arch. The plasma
levels of ATP were significantly higher in atherosclerotic mice
(492+57 nmol/L) than in chow fed nonatherosclerotic mice
(263+70 nmol/L; P=0.04; Figure 2A).

Extracellular ATP Promotes Atherosclerosis

Because extracellular ATP increased during atherogenesis
and induced monocyte rolling and adhesion, we hypothesized
a role for extracellular ATP in atherogenesis. LDLR™~ mice
consumed HCD. ATP or saline was injected 3x per week.
After 16 weeks of treatment, ATP-stimulated mice developed
significantly increased atherosclerotic lesions in the aortic
arch (n=13; control group, 0.26 mm?; ATP group, 0.33 mm?;
P=0.01) and the abdominal aorta (n=13; control group, 0.20
mm?; ATP group, 0.38 mm?; P<0.0001) compared with saline-
stimulated animals (Figure 2B through 2D).

Analyzing the plaque composition by immunohistochem-
istry revealed ATP as a mediator of plaque inflammation.
Atherosclerotic lesions of ATP-simulated LDLR~~ animals
contained more macrophages (control group, 0.11 mm? pos.
staining/total area versus 0.26 mm? positive staining/total
area; P=0.03) without affecting content of lipids or smooth
muscle cells (SMCs). Interestingly, collagen content was
enhanced in atherosclerotic lesions of ATP-stimulated mice
(control group, 0.006 mm? pos. staining/total area versus
0.012 mm? pos. staining/total area; P=0.04; Figure 2E).

Leukocytes in peripheral blood, differential blood count,
total cholesterol, and triglycerides did not differ in the study
groups, but ATP-treated animals gained less weight during the
HCD (Table 1).

ATP-P2Y, Interaction Mediates Leukocyte Adhesion
Extracellular ATP binds to several purinergic receptors. It is
known that ATP-P2Y, interaction promotes expression of cell
adhesion molecules such as VCAM-1 and chemokines indi-
cating an important role of P2Y, in inflammation. To test the
ATP-P2Y, axis in vascular inflammation, P2Y -deficient and
competent LDLR™~ mice were stimulated IP with ATP. As
shown in Figure 3, administration of ATP in P2Y,-competent
LDLR™" mice again induced leukocyte rolling and adhesion.
However, extracellular ATP mediated leukocyte rolling, but
not leukocyte adhesion in P2Y -deficient LDLR™" mice. ATP
is a subject to breakdown, and its metabolites such as ADP
or AMP activate purinergic receptors. To rule out that these
metabolites mediated the induction of leukocyte adhesion,
P2Y,-competent and P2Y,-deficient were treated with ADP
and AMP. Both metabolites slightly increased leukocyte adhe-
sion irrespective of P2Y,, suggesting that the main effect was
because of the administration of ATP. This suggests that the
ATP-P2Y, interaction affects particularly leukocyte adhesion
by regulating cell adhesion molecule expression in vascular
inflammation (Figure 3A and 3B).

P2Y, Is Expressed in Macrophages and

Endothelial Cells in Atherosclerotic Plaques

Based on our finding that the ATP-P2Y, interaction induced
leukocyte recruitment, we determined the mRNA and pro-
tein expression levels of P2Y, in atherosclerotic lesions.
Markedly more relative P2Y ,-mRNA was detectable in ath-
erosclerotic vessels of LDLR”~ mice consuming HCD than
in respective control mice consuming chow (Figure 3C).
Immunohistochemistry confirmed these results (Figure 3D
and 3E).

Three color-immunofluorescence imaging revealed coex-
pression of the endothelial marker CD31 and P2Y,. However,
endothelial P2Y, expression and amount of P2Y, expressing
SMCs were similar in nonatherosclerotic and atheroscle-
rotic vessels. In contrast, we observed increased numbers of
P2Y -expressing macrophages, suggesting that these macro-
phages promote enhanced atherosclerotic P2Y, expression
(Figure 3F and 3G).

P2Y, Deficiency Limits Atherosclerosis
and Plaque Inflammation
To investigate the functional role of P2Y, in atherosclero-
sis, P2Y -deficient animals were crossed with LDLR™" ani-
mals. LDLR™ littermates served as control. After 16 weeks
of HCD, P2Y "~ /LDLR ™" mice showed significantly smaller
atherosclerotic lesions than P2Y,** /[LDLR™" mice in the aor-
tic arch (control group, 0.25 mm?* P2Y,”~ group, 0.14 mm?;
P=0.04) and the abdominal aorta (control group, 0.14 mm?;
P2Y ™ group, 0.04 mm?* P=0.02; Figure 4A through 4C).
Consistent with the results from intravital microscopy and
the ATP-atherosclerosis study, atherosclerotic lesions of P2Y -
deficient mice contained less macrophages and relatively more
SMCs, but similar amount of lipids. Also collagen was similar
in both groups (Figure 4D). Leukocytes in peripheral blood,
differential blood count, weight, total cholesterol, and triglyc-
erides did not differ in the study groups (Table 2). Because
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Figure 3. P2Y, in extracellular ATP induced leukocyte recruitment and atherosclerosis. P2Y,-competent low-density lipoprotein receptor
(LDLR)”~ mice were stimulated with saline as control or 100-nmol ATP. P2Y -deficient LDLR~- mice were stimulated with ATP. Wild-type
mice were stimulated with ATP, ADP, and AMP. Leukocyte rolling and adhesion were assessed by intravital microscopy. Quantification is
shown in A, representative images in B. LDLR~- mice consumed a chow diet or high cholesterol diet for 16 wk. RNA from aortic arches
was isolated, and P2Y, expression was determined by quantitative polymerase chain reaction (C). Aortic roots were stained with anti-
P2Y, for immunohistochemistry and quantified for positive staining (D). Representative images are shown in E. P2Y, distribution in ath-
erosclerotic lesions from LDLR~- was quantified by 3-color immunohistochemistry. Nuclei were stained with DAPI (blue), endothelial with
anti-CD31 or macrophages with anti-Mac-3 (green), and P2Y, (red). Smooth muscle cells were stained with anti-a-actin (blue) and P2Y,
in brown. Quantification of P2Y, distribution within the atherosclerotic lesion is shown in F. Representative images with x20 magnification
in G. Data are presented as pooled mean+SEM. Statistical analysis used the Student 2-tailed ¢ test for paired or unpaired values.

ATP binds to different purinergic receptors, P2Y -deficient
and P2Y -competent LDLR ™~ mice were stimulated with ATP
or PBS for 8 weeks and fed HCD. To exclude breakdown of
subcutaneously applied ATP, plasma levels were determined
in both groups. Indeed, the administration of ATP increased
plasma levels of extracellular ATP (plasma level in PBS-
treated mice: 496 nmol/L, in ATP-treated mice 693 nmol/L)
and induced early atherosclerotic lesions in P2Y -competent
LDLR~~ mice (lesion in aortic arch: PBS in P2Y,**/LDLR "

0.02 mm?; ATP in P2Y,**/LDLR™: 0.05 mm? P=0.0009).
ATP-stimulated P2Y,-deficient LDLR™" mice developed only
slightly larger atherosclerotic lesions compared with saline-
treated P2Y,-deficient LDLR~- mice (lesion in aortic arch:
PBS in P2Y,”"/LDLR™: 0.01 mm?* ATP in P2Y,”/LDLR":
0.02 mm?;, P=0.07). In contrast, P2Y -competent animals
developed significantly greater atherosclerotic lesions demon-
strating a crucial role of P2Y, in ATP-mediated atherosclero-
sis (Figure 4E).
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Figure 4. P2Y, in atherosclerosis. P2Y,"*/
LDLR™ (n=15) and P2Y,”-/LDLR"~ (n=15)
mice consumed a high cholesterol diet
(HCD,) for 16 wk, and atherosclerotic
lesion size was determined in aortic arch
and abdominal aorta. Analysis is shown
in A, representative images of aortic arch
and abdominal aorta in B and C. Plaque
composition was determined by immu-
nohistochemistry for lipids (Oil-red-O),
macrophages (anti-Mac-3), smooth muscle
cells (SMCs; anti-a-actin), and collagen
(Picrosirius Red). Quantification is shown
in D. P2Y,**/ LDLR”- and P2Y,”-/LDLR"~
it received osmotic pumps subcutaneously
BoE containing PBS or ATPYS (5 nmol/d) and
@ Macrophages consumed a HCD for 8 wk. Atherosclerotic
sSMC lesion size was determined in aortic arch (E).
Data are presented as pooled mean+SEM.
Statistical analysis used the Student 2-tailed
t test for paired or unpaired values.
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P2Y, Regulates Adhesion Molecule Expression

Because P2Y, deficiency reduced leukocyte recruitment to
sites of inflammation and also the content of macrophages in
atherosclerotic lesions, we determined RNA expression of che-
mokines and cell adhesion molecules in atherosclerotic lesions
of P2Y,-competent and P2Y -deficient mice. The expression
of both adhesion molecules intercellular cell adhesion mol-
ecule (ICAM)-1 and VCAM-1 was significantly reduced in
atherosclerotic lesions of P2Y,-deficient mice. This was con-
firmed by immunohistochemistry. The lesional expression of
integrins lymphocyte function—associated antigen 1, very late
antigen 4, L-selectin, and E-selectin were not altered, whereas
P-selectin was decreased in P2Y -deficient mice (Figure 5B,
representative pictures are shown in Figure I in the online-only
Data Supplement). RNA of chemokines such as keratinocyte-
derived chemokine, RANTES (regulated on activation normal
T-cell-expressed and secreted), or MCP-1 (monocyte che-
moattractant protein-1) was slightly decreased (Figure 5A).

Because atherosclerotic lesions from P2Y  -deficient mice con-
tained more SMC, we investigated markers for apoptosis and
proliferation in atherosclerotic lesions. No differences in K167
or caspase-3 expression occurred between P2Y,-deficient and
P2Y -competent mice (Figure 5C).

Furthermore, intraperitoneal stimulation with ATP
induced VCAM-1 expression in aortic endothelial cells of
wild-type mice, but did not in endothelial cells of P2Y -
deficient mice. E-selectin expression was slightly increased,
whereas ICAM-1 and P-selectin expressions were not altered.
Integrin expression on monocytes was not influenced by ATP
stimulation, indicating a crucial role of the ATP-P2Y, axis in
endothelial VCAM-1 expression (Figure 5D).

Discussion
The present study reports the novel finding that extracellular
ATP promotes vascular inflammation and atherosclerosis,
whereas the deficiency of the ATP-receptor P2Y, reduces both.
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Table 2.  Baseline Characteristics P2Y,-Knockout Study

P2Y, 4/ | P2Y,

LDLR"= LDLR”- | PValue
Total leukocytes before diet, tsd/uL 7.6 7.8 0.74
Total leukocytes after diet, tsd/pL 2.7 33 0.21
Lymphocytes/leukocytes 0.6 0.6 0.54
T cells/lymphocytes 0.18 0.16 0.33
T helper cells/T cells 0.47 0.44 0.73
T-killer cells/T cells 0.10 0.12 0.54
B cells/lymphocytes 0.54 0.46 0.24
Monocytes/leukocytes 0.04 0.06 0.07
Inflammatory monocytes/monocytes 0.56 0.64 0.39
Total platelets after diet, tsd/uL 157 196 0.08
Total platelets before diet, tsd/uL 337 345 0.72
Weight, g, before diet 201 22.4 0.06
Weight, g, after diet 29.2 30.8 0.26
Weight visceral fat pad, g, after diet 0.29 0.43 0.12
Triglycerides after diet, mg/dL 85 81 0.89
Cholesterol after diet, mg/dL 798 769 0.86

Before and after 16 weeks of high cholesterol diet blood was taken and total
leukocytes and platelets were measured in thousand per microliter (tsd/pL).
Furthermore, leukocyte subsets were determined by fluorescence-activated cell
sorter analysis after diet. Weight and plasma total cholesterol were measured
after diet

Only few studies investigated the role of extracellular nucleo-
tides in vascular inflammation and atherosclerosis although
their proinflammatory properties are well-established.?
Leukocyte recruitment after tumor necrosis factor-a stimula-
tion was reduced in P2Y  -deficient mice.'® Recently, we could
show that extracellular UDP induced leukocyte rolling and
adhesion via endothelial P2Y."” Intraperitoneal injection of
ATP enhanced total neutrophil and macrophage count in peri-
toneal lavage by inducing macrophage inflammatory protein 2
via P2X_ and P2Y,.* Accordingly, P2Y, induced chemotaxis
of human neutrophils.?3!32 In the present study, we observed
increased leukocytes in thioglycolate-induced sterile perito-
nitis if extracellular ATP was additionally injected. To further
characterize the role of extracellular ATP in leukocyte rolling
and adhesion, we performed intravital microscopy. We show
in vivo that extracellular ATP induced rolling and adhesion of
leukocytes. Besides the role of extracellular ATP in neutrophil
migration, it guides dendritic cells, macrophages, and eosino-
phils in allergic lung inflammation.?”** We provide evidence
that extracellular ATP activates monocyte rolling and adhe-
sion, which is a crucial step in atherogenesis.>

To gain further insight into the role of extracellular ATP
in atherosclerosis, we measured plasma levels of extracellular
ATP in atherosclerotic and nonatherosclerotic mice showing
an increased release of ATP on development of atherosclero-
sis. To test the functional role of extracellular ATP in athero-
sclerosis, we stimulated LDLR™" mice consuming HCD with
ATPgammaS (ATPyS), a nonhydrolyzable, more stable form
of ATP. The selected dose of 10 nmol is roughly equivalent to
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a doubling of the natural extracellular ATP concentration in
plasma, which is between 400 and 700 nmol/L.** The intra-
peritoneal administration of ATP increased plasma levels from
500 to 700 nmol/L in our study compared with the control
group. Mice stimulated with extracellular ATP developed
larger atherosclerotic lesions although they gain less weight
compared with control animals. This is in accord with a previ-
ous study showing that infusion of UTP and ATP increases
intimal hyperplasia in collared rabbit carotid arteries.*

Atherosclerotic lesions of ATP-stimulated animals are
more inflamed with a higher content of macrophages. This
suggests that ATP guides monocytes to the atherosclerotic
lesion as we observe in intravital microscopy. Interestingly,
collagen content is also increased, which could account for
to a feedback mechanism to the release of ATP by dying
cells. This is in line with the finding, that extracellular ATP is
involved in lung and pancreas fibrotic remodeling.**

Extracellular ATP binds to all P2X- and P2Y-receptors
except P2Y, and P2Y ,.>* Because P2Y, contributes to che-
mokine expression such as MCP-1 or macrophage inflamma-
tory protein 2 and cell adhesion molecule expression such as
VCAM-1,% we hypothesized that extracellular ATP induces
leukocyte recruitment via P2Y, in vivo. Intraperitoneal stimu-
lation of P2Y ,-competent mice again induced leukocyte roll-
ing and adhesion. However, in P2Y ,-deficient mice, leukocyte
adhesion was significantly reduced without affecting rolling.
This can be explained by the fact that extracellular ATP reg-
ulates selectin function and thereby rolling by P2X_,*#' but
increases adhesion molecule expression and thereby adhesion
by P2Y,. Metabolites of ATP such as ADP and AMP, which
activate purinergic receptors, increased leukocyte adhesion
only slightly compared with ATP administration. This could
not be reversed in P2Y -deficient animals indicating a specific
role of P2Y, in ATP-mediated leukocyte adhesion. Thus, we
investigated the role of P2Y, in atherosclerosis.

To elucidate the contribution of P2Y, in atherosclerosis,
we measured P2Y, expression in nonatherosclerotic and ath-
erosclerotic vessels. P2Y, RNA was relatively increased in
atherosclerotic lesions determined by real-time polymerase
chain reaction and immunohistochemistry. Accordingly,
P2Y, was upregulated in neointima formation in collared rab-
bit carotid arteries.*> Immunofluorescence of atherosclerotic
lesions imaging revealed that P2Y, was coexpressed with the
endothelial markers CD31 and SMC a-actin in nonathero-
sclerotic and atherosclerotic vessels indicating a functional
role of P2Y, in these cells, but intensity of coexpression did
not significantly change during atherogenesis. However, we
observe a marked increase of P2Y -expressing macrophages
indicating that macrophages contribute to the enhanced P2Y,
expression in atherosclerotic lesions.

The role of danger signals such as extracellular nucleotides
in atherosclerosis is not sufficiently clarified. Treatment with
the broad purinergic inhibitor purinergic receptor antagonist
reduced atherosclerosis in ApoE~”" mice.** Deficiency of P2Y ,
P2Y,, or P2Y , receptors limited experimental atherosclero-
sis.'”!*?* We demonstrate that P2Y -deficient LDLR™~ mice
develop significantly smaller plaques than P2Y,-competent
control LDLR™" mice. In line with the results of the intravital


http://atvb.ahajournals.org/

LT0Z ‘€2 yoLe N uo 1enb Aq /Bio'sfeulno feye qar//:diy woly papeojumod

1584 Arterioscler Thromb Vasc Biol August 2016
A _ H P2Y,"*/LDLR™
2 P2y, ILDLR"
- 5 2
5 20 Z 20,
= o
c IS
S 1.5 © 1.5{p=005 p=0.01
IS @
8 g
2 1.0 g
@ ]
2 =
S 0.5 2
] o
C s
0.0- T
N N & & A S & & X A
R S . Y F IS T
ia ¥ B A
SRS Qsé\ ¥ & F &
°
_
C £ 2.0
o
o
=
S 1.5
: T
@@
=
S 1.04
w
]
2 0.5
[=]
©
® 0.0 r .
u Kie7 Caspase 3
D
-E 209 cp11a Cd4gd L-Selectin ) VCAM-1  ICAM-1 E-SelectinP-Selectin
*
3 2 H
c _ 1.5+ w 1.54
o o cs B
Eg s £
5 g 101 55 10
C o w ©
o o o =
® o 23
E 0.5 S 0.5
£ w
£
w oA 0.0
ATP  + - + - E T P T ATP -t et - Fet - -+ -+t

Figure 5. Adhesion molecule and chemokine expression in atherosclerotic lesions from P2Y,-deficient mice. RNA was extracted from aor-
tic arches from P2Y,”-/low-density lipoprotein receptor (LDLR)”~ (n=7) and P2Y,”*/LDLR~~ (n=8) mice fed a high cholesterol diet (HCD).
mRNA concentrations of vascular cell adhesion molecule (VCAM)-1, intercellular adhesion molecule (ICAM)-1, keratinocyte-derived che-
mokine (KC), RANTES (regulated on activation normal T-cell-expressed and secreted), MCP-1 (monocyte chemoattractant protein-1), and
interleukin (IL)-10 were determined with real-time polymerase chain reaction, and results were referred to GAPDH as housekeeping gene
(A). Aortic roots of P2Y,”/LDLR- (n=7) and P2Y,**/LDLR~- were stained for cell adhesion, integrins, and selectins immunohistologically
and analyzed for expression (B). Ki-67 and caspase-3 expressions of smooth muscle cells were determined with immunohistochemistry
in atherosclerotic lesions (C). Expression of surface integrins and cell adhesion molecules was measured by fluorescence-activated cell
sorter ex vivo on peritoneal-derived monocytes and aortic endothelial cells after in vivo intraperitoneal stimulation with 500 nmol ATP (D).

LFA indicates lymphocyte function-associated antigen 1.

ATP atherosclerosis study and of the intravital microscopy, ath-
erosclerotic lesions from P2Y -deficient mice contained less
macrophages. Moreover, the plaque of P2Y -deficient mice con-
tained more SMCs, an effect that is most likely relative because
of the reduced macrophages because we did not find differences
for markers of apoptosis or proliferation in vivo. This plaque
composition is associated with a more stable plaque phenotype
in humans.”® Remarkably, we found no differences in collagen
content, which we observed in ATP-stimulated LDLR~- mice.
ATP binds to all P2X receptors and different P2Y receptors.
Because administration of ATP to P2Y -deficient animals
increased atherosclerosis only slightly compared with a sig-
nificant increase in P2Y -competent animals, we conclude that
P2Y, plays an important role in ATP-mediated atherogenesis.
To further clarify the mechanisms of P2Y, in atheroscle-
rosis, we extracted RNA from P2Y -competent and P2Y -
deficient atherosclerotic lesions. We observe a downregulation

of the adhesion molecules VCAM-1, ICAM-1, and P-selectin
in vivo. Particularly, VCAM-1 is known to induce leukocyte
adhesion and atherosclerosis, whereas the role of ICAM-1
in atherosclerosis is controversial.**= Stimulation with ATP
induced VCAM-1 and E-selectin expression in aortic endo-
thelial cell of wild-type mice, but did not alter the expression
of ICAM-1 and P-selectin. However, in P2Y -deficient mice,
VCAM-1 expression was rarely changed indicating a cru-
cial role of endothelial VCAM-1 in the ATP-P2Y -mediated
vascular inflammation. Integrin expression on monocytes
remained unaffected by ATP stimulation. These experiments
provide evidence that extracellular ATP attracts leukocytes to
the endothelium directly via P2Y,.

In summary, the present study shows that (1) extracel-
lular ATP induces leukocyte and monocyte recruitment, (2)
extracellular ATP is increased released in atherosclerosis and
enhances atherosclerosis via P2Y,, and (3) leukocyte adhesion
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and atherosclerosis is reduced in P2Y -deficient mice by a
downregulation of cell adhesion molecules. We conclude that
inhibition of the ATP-P2Y, axis could represent a potentially
fruitful target in the treatment of atherosclerotic disease and
vascular inflammation.
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Highlights

Atherosclerosis is a chronic inflammatory disease.

Extracellular ATP and its P2Y receptors as danger signal have been functionally linked with other inflammatory diseases such as lung inflam-

mation and graft versus host disease.

Our data identify the ATP-P2Y, axis as an important modulator of murine vascular inflammation and atherosclerosis.

The interaction between ATP and P2Y, stimulates the induction of cell adhesion molecules such as vascular cell adhesion molecule-1 and
thereby increases leukocyte recruitment to the atherosclerotic vessel.

Indeed, inhibition of P2Y, could be a fruitful strategy in the emerging anti-inflammatory treatment of atherosclerosis.
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