
�

�

Role of purinergic signaling in pathological pulmonary vascular 
remodeling 

 
 
 

Mikko Helenius 
 
 
 
 
 

Children´s Hospital 
Helsinki university central hospital 

Doctoral training program in pediatrics 
Medical faculty 

Biomedical Graduate School 
University of Helsinki 

 
And 

 
MediCity research laboratory 

University of Turku 
 
 
 

 
 
 
 
 
 
 

ACADEMIC DISSERTATION 
 
 
 

To be publicly discussed with the permission of the Medical Faculty of the University of 
Helsinki. In the lecture hall PIII in Porthania, Yliopistonkatu 3, Helsinki. On October 30th, 

2015, at 12 noon 
 
 

Helsinki 2015 
  



�

�

Supervisors 
 
M.D., PhD, Docent Tero-Pekka Alastalo 
Hospital for Children and Adolescents 
University of Helsinki 
Helsinki, Finland 
 
M.D., PhD, Professor Juha Koskenvuo 
Institute of Clinical Medicine 
University of Helsinki 
Helsinki, Finland 
 
PhD, Docent Gennady Yegutkin 
Medicity Research Laboratory 
University of Turku 
Turku, Finland 
 
Reviewers 
 
M.D., PhD, Docent Riku Kiviranta 
Medical biochemistry and genetics 
University of Turku 
Turku, Finland 
 
M.D., PhD, Professor Risto Kerkelä 
Molecular cardiology 
University of Oulu 
Oulu, Finland 
 
Opponent 
 
PhD, Assistant Professor Davide Ferrari 
Department of Life Sciences and Biotechnology, Biotechnology Centre  
University of Ferrara 
Ferrara, Italy 
 
�����������������������
�������������	�������� 
 
�����!� �!�����������!���
���
����
�����!� �!��������� ��������  
http://ethesis.helsinki.fi 
 
Helsinki 2015 
  



�

�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Science is organized knowledge. Wisdom is organized life. 
(Immanuel Kant) 

 
  



���������

�

 
ABSTRACT 
 
Irreversible vascular remodeling has a central role in a variety of pathophysiological condi-
tions including pulmonary arterial hypertension (PAH). Hypoxia and inflammation are 
prominent features in PAH, along with hyperplasia and hypertrophy of vessel wall layers. 
Although, endothelial cell (EC) dysfunction is thought to drive the multiple forms of vascu-
lar remodeling, the origins of this phenomenon are poorly understood. Extracellular ATP 
and its metabolites are important regulators of vascular tone, permeability, and homeosta-
sis. Yet little is known about their role in pathological vascular remodeling.  
 
By using chronic hypoxia and PAH animal models as well as human PAH patient samples, 
this study was undertaken to evaluate the catalytic activities and expression levels of nucle-
oside triphosphate diphosphohydrolase-1 (NTPDase1, otherwise known as CD39) and oth-
er purine-converting ectoenzymes with a primary focus on vascular EC. For this purpose 
we employed thin-layer chromatographic enzyme assays with 3H-labelled nucleotide sub-
strates, in combination with various immunoassays and qPCR. In addition we have devel-
oped a highly sensitive assay for simultaneous sensing of extracellular ATP and its metabo-
lites and also a novel method for measuring CD39 activity in modeled to in vivo conditions. 
In functional assays, cells or animals were stimulated through purine signaling pathways 
and proliferation, apoptosis, permeability, and DNA damage were assayed.  
 
Our results clearly demonstrated that the activity of CD39 was downregulated in chronic 
hypoxia, monocrotaline induced animal models of PAH and in human PAH patients. At-
tenuated enzyme activities could create a niche in the vasculature where ATP levels were 
increased and adenosine levels were decreased. Even a small increase in ATP concentration 
was enough to induce an apoptosis-resistant, hyper-proliferative, and DNA-damage-
resistant phenotype in ECs of pulmonary origin. The observed effects were at least partly 
dependent on P2Y11 receptor activation. In addition, we found that low ATP concentra-
tions could induce pulmonary smooth muscle cell proliferation and migration. Interestingly, 
we found that small apelin peptide could directly restore the downregulated CD39 activity. 
 
This study implies that purinergic signaling, ATP mediated cell activation in particular, 
plays a truly significant role in pathological vascular remodeling, and that it could be used 
as a therapeutic target. Moreover, purinergic signaling pathways could be used before vas-
cular injury to precondition EC against irradiation or chemotherapy induced DNA damage. 
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1 PURINERGIC SIGNALING 
 
Nucleotides and nucleosides are well recognized as building blocks for DNA and RNA as 
well as for their chemical energy transfer capabilities. Nucleotides such as adenosine tri-
phosphate (ATP), which conserve the energy obtained from nutrients, are used to drive 
various energy-dependent reactions inside cells. Nucleotides consist of a purine or pyrimi-
dine base, a five-carbon sugar part (ribose or deoxiribose), and one or more phosphate 
groups.  
 
Interestingly, purine and pyrimidine compounds are likely to be the most primitive and 
widespread signaling system found in the Animal, Plant, Bacteria, and Fungi kingdoms (1). 
In early life forms, it was efficient to use the same molecules for securing genomic data, for 
energy storage, and for cell signaling. It might be counterintuitive as to why animal cells 
would release an important substance such as ATP, but the released extracellular ATP con-
centrations are minute compared to intracellular ones (2). In addition to intracellular ATP-
driven signaling and homeostasis, cells are also regulated through extracellular purinergic 
signaling pathways, which are linked to the intracellular signaling pathways. At present, 
ATP-mediated cell signaling has been identified in nearly all human tissues and cell types 
(1). There are three main constituents that together form the extracellular purinergic signal-
ing system (Figure 1): 1) release of ATP and other purines to the extracellular space; 2) 
receptor binding and signal transduction, and; 3) signal inactivation. Each of these key 
points will be described below in more detail.  
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Figure 1. Schematic representation of purinergic signaling. Cells release ATP under vari-
ous conditions, such as hypoxia and shear stress, but also at certain basal rates through con-
nexin and pannexin channels, exocytosis, and facilitated diffusion. ATP is also released in 
greater quantities from apoptotic or necrotic cells. Outside the cell, ATP can bind the mem-
bers of cation gated P2X receptor family or to the G-protein coupled P2Y receptor family, 
different cell types express these receptors differentially so the response to ATP activation 
will also vary from one cell type to another. At the same time ATP is readily hydrolysed to 
adenosine or further through a sequence of cell membrane bound ecto-enzymes, such as 
CD39 and CD73, as well as by the soluble forms of these enzymes. Adenosine binds to G-
protein coupled receptors (P1). In addition, adenosine is readily takenup to the cells through 
specific transporters, or converted further to inosine and hypoxanthine by additional ecto-
enzymes such as adenosine deaminase (ADA) and purine nucleoside phosphorylase. 
 
 
1.1 PURINE RELEASE TO EXTRACELLULAR SPACE 
 
It took a few decades before the very disputed concept of purinergic signaling was general-
ly accepted. The most controversial question to overcome was: why would cells release 
ATP to their surrounding and thus waist their valuable source of energy. This apparent con-
tradiction could be explained by the major differences between intra- and extracellular ATP 
levels. With mitochondrial activity, cells are able to keep the intracellular ATP concentra-
tion at a millimolar level (1–10 mM) in normal conditions (3) while extracellular ATP is 
kept in the low nanomolar range in basal conditions (4, 5) or at sub-micromolar or low mi-
cromolar levels in the “ATP-halo” in the close proximity of extracellular membrane (Figure 
2) (6). 
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Figure 2. The black circle represents the outer cell membrane of a living cell. It has been 
proposed that cells can maintain a micromolar ATP concentration in close proximity of the 
plasma layer. This “ATP-halo”, marked with*, can flow to the bulk extracellular ATP 
pool # where ATP concentration is kept in the nanomolar range in basal conditions. 
 
 
Non-lytic nucleotide release has been described in nearly all cell types in humans (7). In 
blood vessels, ATP can be released from vascular smooth muscle cells (8), fibroblasts (9), 
ECs (10), perivascular sympathetic nerves (11), circulating red blood cells (12), immune 
cells (13, 14), and platelets (15). Released ATP elicits its effects in an autocrine or para-
crine manner while the amount of freely circulating ATP in the blood stream is usually 
maintained within the low nanomolar range (16). There are three main routes that cells use 
for ATP release: membrane ion channels, facilitated diffusion, and exocytotic secretion (2). 
 
Sympathetic nerve cells that release noradrenaline use ATP as a co-transmittor through 
vesicular exocytosis (17) to produce a junction potential at the smooth muscle cells, which 
will lead to vasoconstriction. ECs have been shown to release ATP through vesicular exo-
cytosis in response to changes in vessel blood flow and shear stress (18). It was unclear for 
a long time how ATP could be packed to these excitatory vesicles until vesicular nucleotide 
transporter (VNUT) that pumps ATP into the vesicle lumen was characterized (19). Yet, 
VNUT remains uncharacterized in perivascular nerve cells and ECs. 
 
Besides vesicular exocytosis, it is possible that ECs along with some other vascular cells 
use ATP binding cassette (ABC) transporters for facilitated diffusion of ATP. The ABC 
transporters use ATP as an energy source for facilitated diffusion across the cell membrane. 
Their role in direct ATP release remains controversial, but these transporters have been 
characterized in vascular smooth muscle cells (20), ECs (21), red blood cells (22), and 
platelets (23). 
 
Electrodiffusional movement through gap-junction protein (connexin and pannexin) hemi-
channels has been characterized in the majority of different cell types (24). On the cell sur-
face, connexins (Cx) form multimers called connexons, which bind to the connexons of 
neighboring cells, connecting the cytosols of these two cells. Altogether 20 mammalian 
connexin isoforms have been characterized however, these connexons have been reported 
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to also exist as independent units on the cell surface of various cell types (24) including 
vascular ECs (25), vascular smooth muscle cells (26), and fibroblasts (27). It is hypothe-
sized that these unconnected connexin channels, could release ATP to the extracellular mi-
lieu after stimulation such as a decrease in the extracellular Ca2+ concentration(28), mem-
brane depolarization (29) or mechanical activation (30). In the vascular wall, especially 
Cx37, Cx40, Cx43, and Cx45 isoforms are expressed (31). 
 
Pannexins (Panx) are a recently discovered protein family that consists of three isoforms. 
Panx1, Panx2, and Panx3 have been identified in numerous mammalian cell types (24). 
Pannexins are orthologs of the invertebrate gap junction proteins and their membrane to-
pology is similar to connexins (32). However, pannexins are unable to form gap junctions 
in mammalian cells (33). In the context of the vasculature pannexin, channel-mediated ATP 
release has been identified in the following cells: T-cells after inflammation (34), smooth 
muscle cells after α1D adrenergic receptor activation (35), endothelial cells after thrombin 
stimulation (36), and erythrocytes in hypoxic conditions (37). The ATP release through 
pannexin channels has been shown to be calcium insensitive (38). It has not been clearly 
shown which cell type is responsible for the majority of ATP release in the vasculature. 
Though, certainly the ECs have the most versatile machinery, as they are known to use all 
the previously mentioned routes for ATP release. 
 
 
1.2 PURINE MEDIATED CELL SIGNALING 
 
Cyrus Fiske and Yellapragada Subbarow discovered ATP independently in 1929. Already 
during the same year Drury and Szent-Györgyi described ATP’s potent actions on several 
cell types (39). Still, only in 1976 Geoffrey Burnstock defined the first purine receptors 
(40). Currently, two purinoreceptor groups have been identified – namely P1 and P2 (41). 
 
The P1 receptors are adenosine receptors, also called ADORA in the literature. Currently, 
four different members of the P1 receptor family have been characterized (A1, A2A, A2B, 
and A3), all of which are G-protein-coupled receptors (42). In addition, these receptors can 
form homo- or heterodimers even with other receptor types (43-45). The P1 adenosine re-
ceptors are mainly involved in inhibition (A1 and A3) or activation (A2A and A2B) of ade-
nylate cyclase (41).  
 
The ionotropic P2X1–7 trans-membrane receptors are only activated by ATP or ATP-like 
agonists (41). The P2X receptor monomers form pore-like oligomeric structures on the cell 
surface, which allow cation movement across the cell membrane. The formed homo- or 
hetero-oligomers are usually trimers or hexamers. (41, 46). Besides hetero-oligomerization, 
a huge variety of forms and functions are created through P2X receptor splice variants (47). 
Activation of a functional P2X receptor causes a conformational change in the receptor 
structure, which leads to formation of a small pore permeable to Na+ K+, Mn2+, Mg2+, and 
Ca2+ causing depolarization and activation of various Ca2+ sensitive pathways (48). 
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There are eight functional human P2Y receptors identified: P2Y1–4, P2Y6, and P2Y11, 12, 14 

(49). In contrast with P2X receptors, the genes coding for P2Y receptors lack introns (ex-
cept for P2Y11). This means that there are fewer splice variants in the P2Y receptor family 
(50).  
 
Several secondary messengers are formed upon G-protein coupled P2Y receptor activation. 
P2Y1,2,4,6 receptor activation will increase intracellular inositol triphosphate (IP3) and calci-
um concentrations. The activation of P2Y11 receptor can lead to increase in cAMP, IP3, and 
calcium levels. The activation of most P2Y receptors initiates several mitogen-activated 
protein kinase pathways (MAPKs), especially extracellular signal-regulated protein kinase 
1/2 (ERK 1/2)(50). 
 
P2 receptors show different agonist specificity, which covers purine and pyrimidine nucleo-
tides in a much broader spectrum compared to the P2X receptor family. The P2Y1,2,11,12 
receptors bind to ATP, ADP or both; P2Y2,4,6 receptors bind to UTP and UDP; and P2Y14 
receptor binds to UDP-glucose and UDP-galactose (41, 50). In addition, synthetic agonists 
or antagonists for most of these receptors are known (41). Also, the G-protein coupled re-
ceptors can form dimers but they can also form couples with non-P2Y receptors. For exam-
ple, the P2Y1 receptor can form homodimers (51), hetero-oligomers with P2Y11 receptors 
(52), but also with adenosine A1 receptors (53). In addition, it is evident that the P2Y recep-
tors have synergistic crosstalk between the P2X receptor family members (54, 55).  
 
Taken together, numerous purine receptors with complicated interactions are known. In 
practice, naming only one receptor that is responsible for some ATP mediated effect is very 
likely to be a simplified model. More accurately, the cell´s response to ATP mediated sig-
naling is a net result of the variety of purine receptors, expressed by the cell type of interest. 
Expression patterns of purine receptors vary greatly between organisms, cell types, and 
even between the same cell types in different tissues (41, 56-58). An expression analysis 
study with human umbilical vein endothelial cells (HUVEC) and smooth muscle cells 
(SMC) from mammary artery suggests that P2X1, P2Y2, and P2Y6 are the most abundantly 
expressed P2 receptors in SMCs and the P2X4, P2Y11, P2Y1, and P2Y2 are the most abun-
dantly expressed P2 receptors in ECs (59). 
 
 
1.3 ECTO-ENZYMATIC REGULATION OF PURINERGIC SIGNALING 
 
Ectonucleotidases and kinases are directly linked to P1 and P2 receptor signaling at multi-
ple levels. Firstly, these ecto-enzymes are needed for termination of receptor activation and 
to avoid receptor desensitization, and secondly, for generation of P1 and P2 receptor lig-
ands from available substrates. In addition, some of the enzymes such as NTPDase1/CD39 
are expressed in very close proximity to a number of P1 and P2 receptors where they could 
directly control receptor activation and prevent desensitization (60, 61). 
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1.3.1 The NTPDase family 
 
There are eight members in the nucleoside triphosphate diphosphohydrolase (NTPDase) 
protein family. However, many additional names for these enzymes have been used in the 
literature previously, such as ATPase, apyrase, ATP-diphosphohydrolase, and nucleoside 
diphosphohydrolase. Four NTPDase family members are expressed at the cell surface 
(NTPDase1, 2, 3, and 8); two are intracellular enzymes (NTPDase 4 and 7) and two are 
secreted enzymes (NTPDase 5 and 6) (62). Maximal NTPDase activity is reached at pH 
values between 7–8.5 and millimolar concentrations of Mg2+ or Ca2+ cations as co-factors. 
The NTPDase substrate specificity is towards different purine and pyrimidine nucleoside 
tri- and di-phosphates, including biologically active ATP, UTP, ADP, and UDP with ap-
parent Km values between 50–200 μM (63, 64). The cell membrane expressed NTPDases 
are highly glycosylated proteins (70-80 kDa) with two trans-membrane domains (64). On 
the cell surface NTPDases exist as monomers or as homo-oligomeric structures with in-
creased catalytic activity (65). 
 
Of the eight NTPDases, NTPDase1/CD39 is the best-characterized enzyme that is highly 
expressed in the vasculature by ECs, SMCs, leukocytes, but also in other organs and cell 
types (64, 66). While NTPDase1 is mainly expressed on the luminal side of vessels, the 
NTPDase2 is highly present in pericytes and advential cells in larger muscularized vessels 
(67, 68). 
 
1.3.2 The nucleotide pyrophosphatase/phosphodiesterase (NPP) family 
 
There are seven iso-enzymes in the NPP-family (NPP1-NPP7) that are capable of hydrolyz-
ing pyrophosphate and phosphodiester bonds in nucleotides, diadenosine polyphosphates, 
nucleic acids, choline phosphate esters, and lysophospholipids (2, 64). The cell surface 
transmembrane glycoprotein NPP enzymes 1 and 3 are capable of hydrolyzing ATP and 
other nucleotides (69). These enzymes can also form dimers or exist in soluble form (62, 
70). The apparent Km values for ATP hydrolysis by NPP1 and NPP3 are in the 100–300 
μM range, much like NTPDase1 (62, 64). This makes the NPP family enzymes very rele-
vant for the purinergic signaling cascade, although these enzymes are often severely ne-
glected over the NTPDase1. However, the role of NPP enzyme catalyzed ATP hydrolysis 
on endothelium is less important than NTPDase1 activity (71). 
 
NPP1 is highly expressed in bone, cartilage, heart, liver, placental, kidney, and testis tis-
sues, where NPP1 down-regulation may lead to tissue and vessel calcifications (64, 72). 
NPP3 is mainly expressed at the apical membranes of hepatocytes and cholangiocytes but it 
is also co-expressed with NPP1 in many other epithelial surfaces (62, 69). In the context of 
vascular purine homeostasis, a particular attention is given to soluble forms of NPP en-
zymes. In particular, NPP1 that is found in human serum, is an important regulator of vas-
cular purine homeostasis (73). 
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1.3.3 Ecto-5’-nucleotidase/CD73 
 
Ecto-5´-nucleotidase (otherwise known as CD73) is a glycol phosphatidylinositol (GPI) 
anchored glycosylated ecto-enzyme that catalyzes the hydrolysis of AMP to adenosine (Km 
10–40 μM)(74, 75). CD73 is abundantly expressed by vascular ECs, but also by leukocytes 
and other cells (75-77). In addition, the soluble form of ecto-5'-nucleotide is found in the 
serum (78). CD73 has been extensively studied in different contexts (64) and interestingly 
it has been linked to many vascular diseases such as neointima formation (79) vascular in-
flammation (80) and cardiac allograft vasculopathy (81). 
 
1.3.4 Alkaline phosphatase (AP) family 
 
These homo- or heteromeric GPI-anchored plasma membrane enzymes (~80 kDa) are 
ubiquitously expressed in mammals through four genes: ALPL, ALPP, ALPP2, and ALP1. 
APs need Zn2+, Mg2+ and alkaline conditions (pH 8–11) for catalytic activity. Their sub-
strate range is very broad including various phosphomonoesthers, nucleotides, and many 
other phosphate-containing compounds (62, 64). With the exception of blood-brain barrier 
ECs, resting vascular cells do not express high amounts of APs. AP expression can be in-
duced by cytokine IL-6 in ECs (82, 83) and by tumor necrosis factor alpha (TNF-alpha) in 
vascular SMCs (84). Several circulating vascular cells such as erythrocytes (85) and leuko-
cytes (86) (87) express significant amounts of APs. In addition, soluble APs are found in 
serum (88). 
 
1.3.5 Acid phosphatases (PAP, TRAP) 
 
There are two isoforms of transmembrane prostatic acidic phosphatases (PAP). These en-
zymes can hydrolyse AMP and thiamine monophosphate (TMP) at pH 4–8 (89). Another 
type of acidic phosphatase is the tartrate-resistant acid phosphatase (TRAP), which can 
hydrolyze several phospho-compounds including adenine nucleotides at an acidic pH (90). 
In the vasculature, acid phosphatases are mainly expressed by some of the circulating cells, 
such as macrophages and dendritic cells, but soluble forms also exist (64, 90). 
 
1.3.6 Adenylate kinase (AK) 
 
Adenylate kinases catalyze ADP formation from ATP and AMP through reversible phos-
photransfer reactions (ATP + AMP → 2 ADP). There are numerous intracellular isoforms 
of AKs but AK1 and AK1-beta are the best-characterized membrane- bound ectoenzymes 
(64). Both soluble and membrane-bound AKs are present in vascular ECs (91) and lympho-
cytes (92), as well as serum (93). 
 
1.3.7 Nucleoside diphosphate kinase family (NDPK) 
 
These oligomeric proteins are formed by 17-20 kDa subunits and in adenosine nucleotide 
metabolism they catalyze the formation of ATP from ADP and other nucleoside tri-
phosphates (ADP+NTP→ATP) (64). The eight non-metastatic cell (NME) genes (also 
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known as nonmetastatic-23 (NM23)) encode the NDPK family proteins that are expressed 
as membrane-bound enzymes on vascular endothelial, smooth muscle cells, and lympho-
cytes (10, 76, 91, 92). Soluble NDPK forms also exist in serum (93). 
 
1.3.8 ATP synthase 
 
It has recently been shown that endothelial cells, lymphocytes, and some other cell types, 
could express an active form of ecto-ATP-synthase on the outer face of their plasma mem-
brane (64, 94). It has been reported that this ATP synthase could play a role in angiogenesis 
and immune responses (95, 96). Nevertheless, it remains an open question as to whether 
ATP-synthase, AK or NDPK are responsible for the observed ATP production. Altogether, 
the highly versatile network of ATP releasing mechanisms and ecto-enzymes, together with 
the vast repertoire of receptors, provides great plasticity for appropriate cell responses in 
different tissues and cell types.  
 
 
2 Vascular biology 
 
The cardiovascular system consists of the heart, lungs, arteries, veins and blood (Figure 3), 
and is essentially supported by the lymphatic system, which includes lymph nodes, lym-
phocytes, tonsils, spleen, thymus, lymphatic vessels, and lymph. The cardiovascular system 
provides oxygen and fresh nutrients for the whole organism, whilst removing CO2 and oth-
er harmful metabolites from tissues. Blood also transports immune cells, hormones, other 
messenger molecules and drugs throughout the body and it transmits heat from the core to 
the extremities. The cardiovascular system has a central role in wound healing, tissue re-
generation, and re-organization. 
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Figure 3. Schematic presentation of the human cardiovascular system. Blood flows from 
the left ventricle to the aorta, which supplies the gut, kidneys, trunk, and lower limbs. All of 
the veins collect deoxygenated blood and ultimately lead to the right atrium through the 
superior or inferior vena cava. The deoxygenated blood is pumped from the right atrium to 
the right ventricle and from there to the lungs to collect more oxygen. Oxygenated blood is 
collected to the pulmonary vein, which leads to the left atrium. From the left atrium the 
oxygenated blood is pumped to the left ventricle and again to the systemic circulation. 
 
 
2.1 BLOOD VESSEL FORMATION 
 
The vascular network differentiates from blood islets of the splanchnopleuric mesoderm. 
Mesoderm is the middle layer in the developing embryo between the ectoderm and endo-
derm. Blood vessels depend on the EC lining that can be tailored to fit local requirements. 
Remodeling of the endothelial cell network makes tissue growth and repair possible. Large 
arteries consist of a wall of connective tissue and smooth muscle cell layers, which are 
lined by a single-cell thick endothelial cell layer with basal lamina in between. Smaller ar-
teries lack surrounding smooth muscle cells, but a sparse network of pericytes stabilizes the 
vessels (97). However, even large veins lack thick smooth muscle cell layer. During em-
bryonic development the main vessels, such as the aorta, form in situ by proliferation and 
differentiation from previously avascular tissue. This process is called vasculogenesis and it 
is derived from endothelial progenitor cells (98). The early blood-vessel network is then 
finalized with active angiogenesis (angiogenic sprouting). Angiogenesis or neovasculariza-
tion means the formation of new blood vessels from the existing ones (99). The newly-
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formed vessels mature by integrating endothelial cells to the surrounding cells and matrix. 
In adults, angiogenic vessel growth is required for example during wound healing and in 
the female reproductive cycle (99). New endothelial cells for angiogenesis can arise not 
only through mitotic cell divisions, but also in post-natal individuals from endothelial pro-
genitor cells (EPC), mesoangioblasts, and multipotent progenitor cells or from side-
population cells in the bone marrow (100, 101). 
 
Five clear steps (Figure 4) can be identified during the angiogenic process: 1) pericyte de-
tachment from the ECs; 2) degradation of basal lamina and extracellular matrix by proteas-
es such as matrix metalloproteinases, chymases and heparinases; 3) migration and prolifera-
tion of endothelial cells; 4) formation and fusion of newly formed vessels; and 5) blood 
flow (99, 102). Vascular ECs are rather stable and stationary under normal conditions, 
however in angiogenesis they need to actively proliferate and migrate (99). The purpose of 
this tightly regulated process is to provide oxygen and glucose where it is needed more and 
to provide a channel for cells to dispose their harmful waste material(99). Thus, physiologi-
cal conditions such as hypoxia and hypoglycemia can trigger the formation of new blood 
vessels from the existing ones. However, dysregulated angiogenesis has a major role in 
various diseases, such as cancer, asthma, atherosclerosis, hypertension, pre-eclampsia, and 
diabetes (103). 
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Figure 4. Schematic representation of angiogenesis. 1. The need for new vasculature trig-
gers the release of angiogenic factors such as VEGF, which leads to EC activation and se-
cretion of proteases. ECs break free of cell-cell junctions and ECM attachments and the 
basal lamina membrane (BM) is disrupted. 2. Tip cells start to migrate towards chemoat-
tractants and vascular sprouts are formed. 3. When two tip cells come together, ECs circu-
larize and create a lumen allowing blood flow. 4. Newly formed vessels mature and stabi-
lize after SMC and pericyte recruitment. However, not all sprouts lead to mature vessels but 
the unnecessary ones are pruned away. 
 
 
The most important growth factor, which controls new vessel formation in vasculogenesis 
and angiogenesis, is vascular endothelial growth factor (VEGF) (98). In addition several 
other factors such as angiopoietins and ephrins are needed to complete vascular remodeling 
and maturation (98). In the vast VEGF family, there are members with structural homolo-
gies to platelet derived growth factors (PDGF), four of which are the main VEGF proto-
types (A, B, C, and D) (99, 104). The three main tyrosine kinase receptors, which recognize 
VEGF family members, are VEGFR-1 (also known as Flt-1), VEGFR-2 (also known as 
KDR or Flk-1), and VEGFR-3 (also known as Flt-3) (98). Out of these receptors, VEGFR-
2 is the major mediator of growth and permeability, VEGFR-1 has an inhibitory role sup-
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pressing the effects of VEGFR-2 activation and VEGFR-3 may be important for vessel 
development (98). In adults, epithelial cells close to fenestrated endothelial cells express 
VEGF, which emphasizes its other important role in controlling vessel permeability (105). 
In addition, VEGF expression by endothelial cells is upregulated by hypoxia, hormones, 
hypoglycemia, and advanced glycation end products (99). VEGF signaling activates several 
intacellular secondary messanger cascades through extracellular kinase 1/2 (ERK 1/2), 
phosphatidylinositol-3 kinase (PI3K), protein kinase C, and phospholipase Cγ activation, 
which are all involved in vascular function control (106). VEGFR-2 inhibitors are used to 
block tumor angiogenesis in cancer threapies. However, these treatments can induce severe 
vascular and cardiac toxicity by increasing blood pressure and compensatory hypertrophy 
inhibition (107, 108). 
 
Angiopoietin signaling through Tie-2 tyrosine kinase receptors complements the VEGF 
system and is needed especially later during maturation, branching and organization of ves-
sels (109). There are four isoforms of angiopoietins (1–4), of which Ang-1 and Ang-2 are 
the most characterized (98). Ang-1 signaling through Tie-2 receptors on ECs leads to the 
recruitment of auxiliary cells and the production of extracellular matrix (ECM) through 
transforming growth factor beta (TGF-β) activation, while Ang-2 transmits the opposite 
effects (99). Ang-1 is a VEGF counter effector, which decreases vascular permeability and 
stabilizes the newly formed vessels (110, 111). 
 
The largest growth factor receptor family is the ephrin tyrosine-kinase-receptor family (98). 
Ephrin-B2 and its receptor EphB4 both have important roles in vascular development 
(112). Interestingly, ephrin-B2 is only expressed in arteries and EphB4 in veins, which cre-
ates the first tool for molecular distinction between arteries and veins (112). This polarity 
also suggests that ephrin-B2 and Eph4B are needed for the maturation of a new vessel into 
an artery or a vein (99). In addition to these, several EC growth factors and a number of 
cell-adhesion molecules such as integrins are essential in angiogenesis regulation (110, 
113). 
 
Angiogenesis occurs through capillary sprouting where a tip cell forms many long filopodia 
and stalk cells follow (97). The tip cell invades towards a VEGF gradient (114). Hypoxia 
and VEGF both induce Notch receptor ligand Delta-like 4 (Dll4) expression in vessel 
sprout tip cells. Tip cells then signal through Notch 1 to the adjacent cells, turning them to 
stalk cells (115). This is because new vessels need to grow in specific directions. Notch 
signaling inhibits VEGF receptor expression in stalk cells (116). At the end stage of angio-
genesis, the stalk cells form tubular structures where oxygenated blood starts to flow, which 
leads to VEGF down regulation that allows proper lumen formation and vessel maturation 
(117). The angiogenesis process ends only after the tip cell encounters another tip cell or a 
vessel to complete the blood circulation circuit (113). However, EC membrane proteins 
inhibit awkward connections between venous, arterial, and lymphatic vessels (97). 
 
Another form of angiogenesis is intussuspective angiogenesis, where vessel walls protrude 
to the vessel lumen until ECs on opposite sides of the vessel come to direct cell-cell con-
tact. After this contact, the vessel in a way pinches it self into two. Intussuspective angio-
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genesis is faster and more efficient compared to sprouting angiogenesis since it does not 
primarily require cell migration or proliferation. The importance of this system decreases 
after birth but it retains a role in artery formation and vein bifurcation and trimming in 
adults (118). 
 
 
2.2 THE ROLE OF HYPOXIA IN VASCULAR BIOLOGY 
 
In normal conditions, the healthy individual oxygenation level is 20–70 mmHg in well-
perfused tissues (119). Hypoxia exists only when oxygen levels have decreased from their 
initial level. Moreover, hypoxia should not be directly mixed with anoxia where there is no 
available oxygen or with ischemia, where the circulation to the tissues is restricted.  
 
Hypoxia can result from: (1) an external hypoxic environment; (2) a diminished capacity of 
the blood to transfer oxygen, for example during carbon monoxide poisoning; (3) decreased 
cardiac output; (4) incapability of cells to use available oxygen for ATP production, for 
example during cyanide poisoning or; (5) in tissue level from diminished circulation, in-
creased cell number and metabolic activity, for example during inflammation or tumor 
growth. For example, atherosclerotic plaque formation leads to arterial wall thickening, 
which can decrease the oxygen diffusion from micro vessels(120)Hypoxia is needed for 
normal angiogenesis, but especially during wound healing since hypoxia increases fibro-
blast proliferation, VEGF secretion and collagen synthesis (121). 
 
A decrease in free oxygen concentration affects cellular respiration and cells then need to 
take further actions to maintain cellular homeostasis. Hypoxia is known to suppress RNA 
synthesis at a global level, as well as suppress several non-essential cellular functions 
(122). However, at the same time hypoxia activates the expression of selected genes in cells 
in order to improve their function under limited oxygen supply (123). In general, cell me-
tabolism is shifted to favor anaerobic glycosylation by increasing the expression of glyco-
lytic enzymes and glucose transporters (124) while inhibiting the protein expression in-
volved in oxygen dependent cell respiration (125). Hypoxia is known to activate several 
signaling pathways but the primary mechanism for oxygen sensing at the cellular level re-
mains unknown.  
 
One possible mechanism of responses to hypoxia is oxygen sensing through iron-dependent 
prolyl hydroxylases (PHD). These hydroxylases control hypoxia inducible factor (HIF) 
protein expression levels. HIF proteins are transcription factors, which induce the expres-
sion of several hypoxia-response genes (126). Another, suggested mechanism for cellular 
oxygen sensing relates to the formation of reactive oxygen species by mitochondrial com-
plex III since reactive oxygen species are able to stabilize HIF protein expression in a simi-
lar manner to the PHDs (127). In addition, mitochondrial cytochrome C is able to sense 
changes in cellular redox potential and activate several transcription factors accordingly, 
including the HIF family members (128). Furthermore, hypoxia is known to activate differ-
ent intracellular protein kinases, such as protein kinase A and C (PKA/PKC), calci-
um/calmodulin-dependent protein kinase, C-Jun N-terminal kinase (JNK) Src, p38, and 
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p42/44 (129). In endothelial cells, HIF-1 activates the transcription of several growth fac-
tors, such as VEGF, receptor tyrosine kinases, G-protein receptors, and other signaling 
molecules (123). 
 
In the vasculature, hypoxia causes vasoconstriction partly through decreasing the expres-
sion of endothelial nitric oxidase synthase (eNOS) by Rho-kinase activation (130). Hypoxia 
has been reported to induce ATP release from vascular endothelial cells (131), which could 
balance the vasoconstriction through NO release and vasodilation (132). Interestingly, a 
recent study shows evidence that hypoxia would actually block Cx43-mediated ATP re-
lease (25), suggesting alternative routes for ATP release in endothelial cells under hypoxic 
conditions. HIF activation in hypoxic tissues aims to increase oxygen availability by acti-
vating erythropoiesis and angiogenesis and at the same time by increasing vascular perme-
ability and vasodilation (123). 
 
Hypoxia activated HIF is closely linked to inflammation, since it can regulate innate im-
mune responses in dendritic cells, mast cells and epithelial cells (133), neutrophils, and 
macrophages (134). In addition, nuclear factor κB (NFκB), which has a key role in immune 
response regulation, binds to HIF-1 promoter and is activated in inflammation, but also 
under hypoxia (135, 136). Interestingly, HIF-1 is then again able to activate NFκB tran-
scription activity, which indicates that these two transcription factors have a co-operative 
role in gene expression regulation during hypoxia and inflammation (137-139). 
 
 
2.3 PATHOLOGICAL VASCULAR REMODELING 
 
Pathological vascular remodeling is often observed during or after ischemia, hypoxia, in-
flammation, transplant rejection, hypertension, atherosclerosis, restenosis, neoplasia, and 
vascular insufficiency (140, 141). It is not completely known what leads to or initiates the 
process of pathological vascular remodeling, but in general all modifications leading to 
insufficient or excess circulation can potentially be pathological. Sustained imbalance be-
tween vascular structure activators and inhibitors, cell proliferation/apoptosis, or extracellu-
lar matrix production/hydrolysis (Figure 5) can lead to pathological conditions. 
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Figure 5. The balance between vessel remodeling and vessel reparation depends on the 
balance in: (1) vessel structure stimulators and inhibitors; (2) cell proliferation and apopto-
sis, and; (3) extracellular matrix synthesis and degradation. The imbalance in any of these 
systems can result in pathological vascular remodeling (142). 
 
 
Remodeling targeting vessel structures is called angiogenic remodeling, which refers to a 
process where the existing vessel networks change. This includes removal of unnecessary 
vessels (pruning), vessel enlargement, and connective branching between vessels. Besides 
angiogenic remodeling, vessel thickening and loss of elasticity are forms of remodeling. All 
layers of vessel (tunica intima, tunica media, and tunica adventia) can thicken independent-
ly or together, which hinders blood flow though the vessel (143). This thickening is driven 
by excess cell proliferation, migration, and extracellular matrix production. One of the ma-
jor theories about all forms of remodeling is EC dysfunction. Dysfunctional ECs are con-
sidered to switch their phenotype towards an activated and more proliferative and resistant 
to apoptosis compared to healthy cells (144). At this stage ECs are known to up-regulate 
intercellular adhesion molecule 1 (ICAM-1) expression, and the secretion of multiple pro-
angionegic cytokines such as VEGF, prostaglandin E2, interleukins (IL) 1 and 6, and ATP 
(140, 144). Vascular remodeling is observed during chronic hypoxia and pulmonary arterial 
hypertension but the concepts are basically the same in many other conditions (145). 
 
Chronic hypoxia can cause vascular remodeling and chronically increased pulmonary artery 
(PA) blood pressure but the severe condition of pulmonary artery hypertension (PAH) can 
arise due to several other secondary reasons or with no apparent reason (idiopathic form) 
(146, 147). In all applicable animal models where hypoxia induces vascular remodeling 
there often is muscularization of previously non-muscularized vessels, medial, adventitial 
and intimal thickening, and loss of small blood vessels (140). All of these are also present 
in the classical human PAH pathobiology described in more detail in chapter 1.4 (148). 
Hypoxia drives the thickening of vessel intima through increased EC/SMC volume (hyper-
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trophy) and increased EC/SMC number (hyperplasia)(149-151)Moreover, the SMC migra-
tion to vessel intima is known to induce intimal hyperplasia in pathological conditions such 
as atherosclerosis and PAH (152, 153). In addition to numerous growth factors, in hypoxic 
conditions ECs secrete more extracellular matrix proteins such as laminin, fibronectin, and 
elastin, which further affect both EC and SMC function (154, 155). The muscularization of 
small arteries is thought to proceed through SMC-like cells such as pericytes (156). Inter-
estingly, advential fibroblasts appear to be the first to react to hypoxia and secrete ECM 
proteins, growth factors, and inflammatory cytokines, which modulate vascular structure 
(157, 158). 
 
 
2.4 ROLE OF PURINERGIC SIGNALING IN VASCULAR 
HOMEOSTASIS AND REMODELING 
 
Extracellular ATP signaling was first described in neuromuscular transmission in 1972 
(159). Since then the interest towards purinergic signaling has grown considerably and pu-
rines have been demonstrated to play a significant role in the regulation of vascular tone 
and remodeling. It has been shown that ATP is released with noradrenaline (NA) from 
perivascular sympathetic nerves that mediate SMC contraction (160). However, ATP re-
leased from sensory-motor nerves can dilate some vessels(160). Besides nerve cells, ATP is 
also released by ECs, which leads to NO release through P2-receptor activation and subse-
quently to vasodilation (161). Extracellular ATP is rapidly metabolized to adenosine, which 
can then bind to P1 receptors in SMCs to further promote vasodilation in an NO-
independent manner (162). 
 
In HUVECs, ATP induces cell adhesion, spreading, and migration by regulating cytoskele-
tal rearrangement (163-165). Some of these ATP-mediated effects could be transmitted 
through integrins since ATP activates integrin signaling pathways, which have a central 
role in cell-ECM adhesion, cell migration, and angiogenesis (166, 167). In addition to HU-
VECs, ATP also induces cell proliferation in ECs from the aorta, coronary vessels, cornea, 
and pulmonary vessels (168-170). Collectively this could be interpreted to mean that ATP 
is a universal growth factor for ECs, somewhat similar to VEGF. Interestingly, not only 
ATP but also its metabolites ADP and adenosine induce EC proliferation and migration 
(168). Moreover, the concept that cell proliferation and apoptosis are inversely linked has 
gained acceptance (168, 170, 171). In smooth muscle cells, both ATP and ADP induce cell 
proliferation and migration but in contrast to ECs, adenosine inhibits SMC growth through 
A2 receptor activation (172-174). Interestingly, EC-derived ATP can stimulate SMC migra-
tion to the vessel intima after vascular injury contributing to vascular remodeling (174). 
 
ATP and P2 receptor signaling are well-known factors promoting vascular inflammation 
and leakage during hypoxia or inflammation associated conditions (175). Adversely, aden-
osine signaling through A2 receptors might have a protective role in reducing vascular leak-
age and inflammation (176-178). Extracellular nucleotides are able to activate several intra-
cellular signaling pathways with similar outcomes to VEGF signaling (179, 180). The het-
erogeneity of purine receptors on vascular endothelial cells (181) makes it challenging to 
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draw generalizations for all vessels; particularly pulmonary vasculature, since its endotheli-
al cell layer is considerably different from other vessels (182). 
 
ATP/adenosine signaling has been shown to play a role in several pathological conditions 
involving vascular remodeling. These include atherosclerosis, restenosis, angiogenesis, 
hypertension, ischemia, thrombosis, diabetes, and preeclampsia (168, 183, 184). The com-
mon denominator in all of these conditions is a shift from normal extracellular purine ho-
meostasis, which affects vascular tone and can proceed to abnormal vascular remodeling 
through vascular cell proliferation and migration. It has been suggested that purinergic sig-
naling could coordinate the complicated and dynamic processes requiring EC proliferation, 
differentiation, interplay with other cells, and extracellular matrix. At least some evidence 
of this has been obtained with CD39-/- mice, which are unable to form new blood vessels 
through angiogenesis (185). 
 
The current knowledge of the role of purinergic signaling in vascular homeostasis is mostly 
limited to systemic vasculature studies. Some publications on pulmonary vasculature in 
diseased states involving purinergic signaling exist as well. In pulmonary hypertension 
(PH), ATP-MgCl2 has been used as a vasodilator to treat patients, however due to its rapid 
metabolic rate, it is not optimal for long-term treatment(186)In addition to ATP, adenosine 
has also been used to treat increased vascular resistance and pressure in PAH and in chronic 
obstructive pulmonary disease (COPD) patients (187, 188). Moreover, adenosine receptor 
agonists have been used successfully as a treatment in the rat model of PAH (189). 
 
At the systemic level, it has been shown previously that pulmonary adenosine levels are 
decreased in PAH and COPD patients (190). At the cellular level, the mitogenic effects of 
ATP to pulmonary SMCs are considered to have a substantial role in the severe forms of 
vascular pathology (191). After an acute injury to the vasculature, accumulation of ATP 
could be beneficial to quickly improve vascular barrier function (192) and it is probable 
that the long-term accumulation causes the observed changes in vascular structure. Like-
wise, long term accumulated adenosine concentration can be harmful for ECs (193). Accu-
mulation of ADP can also be harmful for the vasculature since it induces cell proliferation 
but it is also a potent activator of platelets (194). This is important since thrombosis is a 
severe form of vascular remodeling and it is seen in patients with severe PAH (195). 
 
 
2.5 PULMONARY ARTERIAL HYPERTENSION 
 
The classifications describing the different forms of PH were first created at a World Health 
Organization (WHO) symposium in 1973 and the most recent modifications to these classi-
fications were made during the 5th World Symposium in 2013 (196, 197). PH, which should 
not be mixed with systemic hypertension, is an umbrella term for numerous conditions 
where blood pressure in the pulmonary circulation is increased. Different forms of pulmo-
nary hypertension are divided to: (1) pulmonary arterial hypertension (PAH); (2) PH due to 
left heart disease; (3) PH due to chronic lung disease and/or hypoxia; (4) chronic thrombo-
embolic PH, and; (5) PH due to unclear multifactorial mechanisms.  
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PAH is defined by increased pulmonary artery pressure (>25 mmHg), normal pulmonary 
artery wedge pressure (<15 mmHg), and increased vascular resistance (>3 Wood 
units)(198, 199)For clinical purposes PAH is further subdivided to four groups: (1) Idio-
pathic PAH, which can occur with out any identifiable cause for the disease; (2) Heritable 
PAH that is a hereditary form of PAH; (3) Drug and toxin induced PAH; (4) PAH associat-
ed with connective tissue disease, HIV infection, portal hypertension, congenital heart dis-
eases, or schistosomiasis (197). 
 
The idiopathic form of the disease is rare in the general population; only 2-3 patients per 
million per year are diagnosed (200). The global population was approximately 7.2 billion 
in 2013, which would account for roughly 18 000 newly diagnosed patients suffering from 
iPAH in 2013. Patients diagnosed for iPAH are most frequently 30–40 year old females 
with symptoms such as dyspnea on exertion (difficulty in breathing), fatigue, syncope 
(fainting), leg edema (swelling), and palpitations (abnormality of heartbeat). The average 
life expectancy after diagnosis is quite short, three years without medication and around ten 
years with medication. This is because the symptoms come only at very late stage of the 
disease and because iPAH is hard to correctly diagnose (196). 
 
There are no efficient treatments for iPAH except full heart and lung transplantation in se-
lected cases (196). Currently there are three classes of medical therapies to treat PAH: pros-
tacyclin analogues, endothelin receptor antagonists, and phosphodiesterase 5 (PDE5) inhib-
itors that all function through inducing vasodilation (201). One of the interesting novel 
therapeutic candidates to treat PAH is apelin. Apelins are ubiquitously expressed small pep-
tides, which are known to bind specific APJ G-protein linked receptors (202). Moreover, it 
is well established that the apelin-signaling pathway is disrupted in PAH. Human patients 
and animal models of PAH have been linked to a dysfunctional SMC and EC phenotype 
(202). Even though the mechanism is not fully understood, apelin administration has been 
successfully used in animal models of PAH, but its clinical use requires further investiga-
tion (202). 
 
The initial cause of idiopathic PAH is unknown. The vascular changes (Figure 6) observed 
in pathological studies form PAH patients include vasoconstriction, medial and intimal 
thickening due to induced cell proliferation, muscularisation of arterioles, dramatic de-
crease in the number of microvessels, and complex and obscure structures called plex-
ogenic lesions that radically inhibit blood flow (203). Pulmonary vasoconstriction is be-
lieved to be the initial trigger for more severe vascular remodeling (204). Remodeling and 
proliferation of all vascular layers occurs during PAH pathogenesis (205). Even though the 
pathogenesis of PAH is a multifactorial condition, ECs have a central role in the onset of 
vascular remodeling (206). 
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Figure 6. Remodeling of arteries during PAH pathogenesis occurs in many forms. (1) In-
creased vascular resistance causes vasoconstriction. (2) Abnormal muscularization of small 
arteries, medial hypertrophy and hyperplasia. (3) Vessel occlusion caused by neointimal 
formation. (4) Formation of aberrant endothelial cell channels to the otherwise closed ves-
sel that are called plexiform lesions. 
 
 
EC dysfunction and/or malfunction of potassium channels are considered to be the reason 
for the initial vasoconstriction leading to PAH (204, 205). In familial and idiopathic forms 
of PAH, some genetic predispositions have been identified. One of the major hallmarks is 
bone morphogenetic protein receptor 2 (BMPR2) (196). This serine/threonine receptor ki-
nase binds to bone morphogenic proteins, which were first identified by their ability to in-
duce bone and cartilage growth (207). Mutations in this receptor have been identified in 
60% of familial cases and in 10–30% of sporadic cases of PAH (208-210). Furthermore, 
patients without a BMPR2 mutation also have markedly decreased BMPR2 protein expres-
sion level (211). One PAH treatment option would be be to stimulate BMPR2 expression, 
and for this tacrolimus seems to be a promising candidate (211). Conversely, BMPs belong 
to the vast TGF-β superfamily that has several potential roles in vascular remodeling relat-
ed to PAH. These roles include: collagen and matrix deposition, chemotaxis, inhibition or 
stimulation of proliferation, regulation of other vasoactive substances, cell differentiation, 
modulation of immune cell function, apoptosis inhibition, and activation of proteolytic en-
zymes (204). 
 
 
2.6 ENDOTHELIAL CELL DYSFUNCTION AND GENOMIC 
INSTABILITY 
 
According to the current understanding, EC layer injury, hypoxia or shear stress could acti-
vate the normally quiescent state ECs. This activation could induce the up-regulation of 
several key vasoactive factors such as: ATP, prostacyclin, endothelin-1, thromboxane, 
VEGF, polyamines, and xanthine oxidoreductase (206). In addition to growth factors, ECM 
elements secreted from the stressed ECs could further activate the nearby SMCs (212). Pro-
longed cell activation or severe injury may lead to EC dysfunction. This enhances throm-
bosis through the up-regulation of selectins, thrombomodulin, and von Willebrand factor 
(213). Moreover, the normal barrier function of dysfunctional ECs is greatly compromised, 
which facilitates the diffusion of growth factors to the sub-endothelium propagated by the 
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abnormal eNOS function leading to increased or decreased NO production, which regulates 
vasodilation (206). While some cells die upon severe damage, many of the surviving cells 
become dysfunctional. Genetic predispositions could offer a partial explanation to this since 
mutation in genes, such as BMPR2 has been for example shown to render ECs more prone 
to apoptosis (214). In addition, the gene coding for transforming growth factor-beta (TGF-
β) receptor has also been linked to endothelial dysfunction (215). 
 
During PAH pathogenesis the initial EC apoptosis is followed by the rise of an apoptosis-
resistant and hyperproliferative cell population (216, 217). This cell population is character-
ized to have major chromosomal instability and decreased ability for DNA repair (218, 
219). Moreover, a recent metaanalysis revealed that many of the key DNA-repair associat-
ed genes are also dysregulated in BMPR2 deficient ECs (219). The functional role of the 
DNA repair associated genes was also confirmed in vitro by showing that BMPR2 deficient 
ECs had increased susceptibility to irradiation and oxidative-stress induced DNA damage 
(219). This phenotypic change was consistent with pulmonary ECs from PAH patients. 
BMPR2 expression is rapidly downregulated upon DNA damage accumulation in a study 
by Li et al.. This led the authors to suggest a compelling theory that the prosurvival 
BMPR2 is silenced after cell damage to inhibit cell survival and to promote apoptosis. The 
mechanism by which thw hyperproliferative EC population gets past this regulation is not 
fully understood. Interestingly, the loss of BMPR2 expression correlates with more aggres-
sive carcinomas implying that BMPR2 also has a regulatory function in some cancer cells 
(220, 221). 
 
Chromosomal abnormalities in PAH patients have also been demonstrated with histological 
samples (222, 223). It has been recently shown that the observed chromosomal rearrange-
ments, DNA damage level, and mutagen sensitivity do not correlate with any known muta-
tion, associated with hereditary PAH, but these events seem consistent in all PAH cases 
(224). During PAH pathogenesis, the increased reactive oxygen species (ROS) in pulmo-
nary ECs that appears to correlate with elevated DNA damage level, as opposed to genetic 
influence (219, 224). In the case of PAH, chromosomal abnormalities may even enhance 
cell proliferation though DNA damage, whereas the usual impact is to stall cell prolifera-
tion and potentially trigger apoptosis. In deed, a large interstitial deletion of chromosome 
13 has been identified to play a role in the hyperproliferative phenotype of dysfunctional 
ECs (222). 
 
Even though chromosomal abnormalities are highlighted here, PAH-patient pulmonary ECs 
are still largely normal when compared to cancer cells (224). DNA integrity is highly im-
portant since the hereditary information is needed for protein production. The hereditary 
information is stored in genes, which determine the characteristics of every cell, individual, 
and species. Besides endogenous DNA damage several chemicals and irradiation are 
known to be harmful for DNA integrity. One of the most used animal models of PAH is the 
monocrotaline (MCT) rat model where single injection of MCT triggers the condition. It is 
also known that MCT is a highly genotoxic substance, which induces DNA crosslinks 
(225). Moreover, several genes involved in DNA repair were downregulated in a global 
gene expression profiling of pulmonary ECs isolated from MCT treated animals (219). To-
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gether this suggests that genomic instability is also an important feature in MCT induced 
PAH. 
 
Several cancer therapies are designed to disrupt the DNA integrity of cancer cells, which 
have very dysfunctional DNA repair mechanisms when compared to healthy cells. Howev-
er, non-malignant cells are also exposed to these treatments to some extent. This could ex-
plain that while the survival rate of cancer patients has greatly improved over the last few 
decades, the incidence of cardiovascular diseases in these survivors has also increased (226, 
227). The reasoning for this could be a DNA-damage-induced dysfunctional EC phenotype 
that can lead to vascular remodeling as observed in PAH. Moreover, there is a growing 
body of direct evidence that chemotherapy and irradiation may trigger PAH (228, 229). 
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AIMS OF THE STUDY 
 
Pathological vascular remodeling and angiogenesis play important roles in a variety of con-
ditions, such as systemic and pulmonary hypertension, chronic periodontal disease, chronic 
kidney disease, diabetes, atherosclerosis, postangioplasty restenosis, vascular insuffiency, 
benign neoplasia, and cancer. All of these conditions are associated with ischemia, hypoxia 
and inflammation. This dissertation project focuses on the involvement of purinergic sig-
naling, especially CD39, governed ATP hydrolysis and ATP mediated signaling, in EC 
dysfunction and the resulting vascular remodeling. Major aims and questions to be ad-
dressed in this study can be summarized as follows: 
 
 
 

1. We aimed to develope a novel sensing method for simultaneous detection of nano-
molar concentrations of ATP and all its dephosphorylated metabolites in the same 
sample. (IV) 
 

2. How are the extracellular purinergic signaling and metabolic pathways shifted dur-
ing exposure of vascular ECs to hypoxia? (I) 

 
3. Is the vascular remodeling observed in PAH patients connected to purinergic signal-

ing and could it be used as a therapeutic target? (II) 
 

4. Could ATP-mediated signaling be linked to DNA damage repair and could it be 
used to pre-treat cells prior to irradiation or chemically-induced DNA damage? This 
information could be useful in cancer therapy. (III) 
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MATERIALS AND METHODS 
 
 
4.1 ETHICAL CONSIDERATIONS (I–IV) 
 
All experimentation with male Holstein calves in the first study was done according to in-
stitutional guidelines at the Department of Physiology, School of Veterinary Medicine, 
Colorado State University. In addition, the Finnish National Animal Experiment Board 
approved all animal experiments in studies II and III. The use of human derived samples 
used in study II was accepted by the appropriate Institutional Review Board on human sub-
jects according to the declaration of Helsinki and Title 45, U.S. Code of Federal Regula-
tions, Part 46, Protection of Human Subjects. The primary endothelial cells and lung paraf-
fin sections from iPAH patients were from the tissue center of the Cardiovascular Medical 
Education and Research Fund – Pulmonary Hypertension Breakthrough Initiative 
(CMREF–PHBI). 
 
 
4.2 CELL ISOLATION AND CULTURE (I, II, III, IV) 
 
 
Table 1. All used cell lines at glance. 
Cell type Source Product # Abbreviation Paper 
Calf vasa vasorum EC Isolated - VVEC I 
Human umbilical vein EC Isolated - HUVEC I, IV 
Human dermal microvascular EC PromoCell C-12210 HDMEC IV 
HUVEC-carcinoma fusion cell line ATCC CRL-2922 EAhy926 IV 
Human leukemic T-cell lymphoblast line ATCC TIB-152 Jurkat IV 
Human prostate carcinoma cell line ATCC CRL.1435 PC3 IV 
Human breast cancer cell line ATCC HTB-26 MDA-MB-231 IV 
Mouse melanoma cell line ATCC CRL-6475 B16-F10 IV 
Lung microvascular EC from iPAH pa-
tient Isolated - iPAH EC II 
Human microvascular EC (lung) Lonza CC-2527 HMVEC II 
Human pulmonary arterial SMC PromoCell C-12522 SMC II 
Human pulmonary microvascular EC PromoCell C-12281 HPMEC III 
Human chronic myelogenous leukemia 
cells Sigma 89121407 K562 III 
Human diffuse large B-cell lymphoma 
cells ATCC CRL-2957 SUDHL-4 III 
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All cell types used in studies I–IV are summarized in table 1. Vasa vasorum endothelial 
cells (VVEC) from normoxic (control) and chronically hypoxic male Holstein calves were 
isolated as previously described (230). The animals in hypoxic group were kept in hypobar-
ic hypoxia (PB = 430 mmHg) for two weeks prior the animals were euthanatized. Endothe-
lial cells were isolated from the adventitial compartments and purified from adventitial fi-
broblasts with cloning rings and trypsinization techniques. The VVECs were provided by 
Dr. Evgenia Gerasimovskaya (University of Colorado, Denver) on collaborative basis and 
cultured in high glucose Dulbecco´s modified Eagle-medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 1% nonessential amino acids, 100 U/ml penicillin, 100 
μg/ml streptomycin, and 10 mM L-glutamin, all from Lonza (Walkerville, MD, USA). Dur-
ing the cell stock culturing 30 μg/ml Cell Growth Supplement (ECGS, Millipore, USA) 
was used to enhance cell proliferation.  
 
Human umbilical endothelial cells (HUVECs) were isolated from fresh human umbilical 
cords according to previously published method using Collagenase I to detach the EC lin-
ing from the umbilical cord (91). Human primary microvascular ECs from the lung 
(HMVEC, Lonza) and human pulmonary microvascular ECs (HPMEC, PromoCell) both 
from three different donors and pulmonary microvascular ECs derived from two iPAH pa-
tients were commercial cell lines. All mentioned endothelial cell were grown in EBM-2 
basal medium supplemented with EGM-2 bullet kit (Lonza). Cell culture dishes were coat-
ed with 0.2% gelatin. Cells were sub cultured at a 1:4 ratio after they reached above 80% 
confluence and used in experiments at passages 3-10. 
 
Commercial Human dermal micro vascular endothelial cells (PromoCell GmbH, Heidel-
berg, Germany) were cultured in media provided with the cells (Growth medium MV with 
Supplement Mix). Fusion cell line EAhy926 derived from HUVEC and human lung carci-
noma cell line A549 and human leukemic T-cell lymphoblast line Jurkat (clone E6-1) from 
ATCC (Manassas, USA) were cultured in RPMI-1640 supplemented with 10% FBS, 4mM 
L-glutamine, 1mM sodium pyruvate, 100 U/ml penicillin and 100 μg/ml streptomycin. 
Breast cancer cell line MDA-MB-231 and mouse B16-F10 melanoma cells from ATCC 
were cultured in Dulbecco´s Modified Eagles medium supplemented with 10% FBS, 4mM 
L-glutamine, 1mM sodium pyruvate, 100 U/ml penicillin and 100 μg/ml streptomycin. 
Prostate carcinoma cell line PC3 cells were also from ATCC and cultured in Ham´s F-12K 
medium Gibco (Life Technologies) supplemented with 10% FBS. Human pulmonary artery 
smooth muscle cells (PromoCell) were cultured with SmGM-2 BulletKit (Lonza). Human 
chronic myelogenous leukemia and human diffuse large B-cell lymphoma cells (ATCC) 
were both cultured in RPMI-1640 media (Sigma) supplemented with 10% FBS, 2mM L-
glutamine and 1% penicillin/streptomycin. 
 
Rat pulmonary microvascular ECs were isolated essentially as described earlier (219, 231). 
The whole lung was dissected from the animals and the tissue was minced to small pieces. 
Cells were detached from the tissue with Collagenase digestion (Collagenase IV (Sigma) 
1.0 mg/mL and DNase I (Sigma) 7 μg/mL). Tissue homogenate was incubated for 45 
minutes at 37°C with shaking. After this the homogenate was filtered through 70 μm pore 
size nylon cell strainers and the flow through was centrifuged. The cell pellet was incubated 
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in Buffer 1 (PBS, 1% bovine serum albumin (BSA) and 2 mM EDTA) with goat anti-
mouse magnetic beads (Dynabeads, Invitrogen, Carlsbad, CA, USA) coated with mouse 
anti-rat CD31 (BD Pharmingen, San Jose, CA, USA) to pull down ECs for experimenta-
tion. Isolated cells were washed and pulled down with a magnet (Invitrogen, DynaMag™) 
and finally suspended to 200 μL RPMI 1640 and used for CD39 ecto-ATPase activity 
measurement. 
 
The human primary pulmonary microvascular ECs from two iPAH patients were isolated 
essentially similarly as cells from the rats. Dissected pieces of lung tissue were minced to 
small pieces and digested with collagenase IA (Sigma 1 mg/ml). Mixture was incubated for 
45 minutes at 37°C, after which the cell suspension was filtered and centrifuged. The pellet 
was incubated with human CD31 antibody coated magnetic beads (Dynabeads, Invitrogen). 
Isolated cells were pulled down with a magnet suspended to EGM-2 culture media(231)All 
cells were cultured in a standard cell incubator at 37 °C in a humified athmosphere and 5% 
CO2. 
 
 
4.3 PAH AND DNA DAMAGE RAT MODELS (II, III) 
 
(II) Animals used in experiment (Spraque Dawley, 5 weeks old) were given a subcutaneous 
injection of monocrotaline (MCT, Sigma, 60 mg/kg) or physiological salt solution (N=7). 
Five days after injection the animals were euthanatized with CO2 followed by exsanguina-
tion. The vascular ECs were isolated from the dissected lungs. In separate experiment, rats 
(N=5) were given subcutaneous injection of MCT or PBS (at day 2) with the difference to 
the first experimental setting that animals were at the same time treated with intraperitoneal 
injections of PBS or apelin-13 peptide (1 mg/kg, American peptide company, Sunnyvale, 
CA, USA) starting from day 1. Five days after the MCT injection animals were euthana-
tized and the ECs isolated from the lungs as previously.  
 
(III) The used animals (N=3) were given sodium polyoxotungstate POM-1 (Tocris) (10 
mg/kg, i.p.) or PBS in three consecutive days followed by MCT injections 60 mg/kg at day 
three. The next day animals were euthanatized and samples for Western immunoblotting 
and immunohistochemistry were collected. In the second animal experiment the rats (N=3) 
were treated with POM-1 or PBS as before but instead of MCT the rats were given doxoru-
bicin hydrochloride (Tocris 6 mg/kg, i.p.). The heart samples were collected 8h after doxo-
rubicin injection and processed for Western immunoblotting and immunohistochemistry 
samples. 
 
 
4.4 THIN LAYER CHROMATOGRAPHIC ANALYSIS OF PURINE CONVERTING 
ECTO-ENZYMATIC ACTIVITIES (I, II) 
 
Purine converting ecto-enzymes were assayed at +37°C and experimental conditions were 
optimized for each sample set separately. We used tritium labeled substrates (ATP, ADP 
and AMP) and measured the amount of hydrolyzed products with liquid scintillation β-
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counter. 4 mM β-glycerophosphate (Sigma) was added to all reaction mixtures in order to 
prevent undesirable hydrolysis of 3H -nucleotides by non-specific phosphatases. Substrate 
concentrations and incubation times were selected so that the amount of formed products 
would not exceed 15% from the initial amount of substrate. Reactions were stopped by ap-
plying 8 μl aliquots onto thin-layer chromatography (TLC) plates (Macherey-Nagel 
Alugram® Sil G/UV254, Germany). The TLC method was used to separate 3H-labelled sub-
strates and their metabolites. On TLC plates ATP and its metabolites move at different rates 
when the running phase is optimized (Figure 7). 
 
 

 
Figure 7. Samples applied to TLC-plates running in a glass tank with solvent based run-
ning phase on the bottom of the tank. 
 
 
Standards (1 mM ATP, ADP, AMP, adenosine, inosine and hypoxanthine) were applied to 
TLC plates before samples were added. Standards were used to make the bands visible un-
der UV-light irrespective of the amount of formed purine metabolites. As running phase 
with TLC-plates a specific solvent mixture: 1-butanol, iso-amyl alcohol, diethylene glycol 
monoethylether, ammonia solution and milli-Q-aqua (9:6:18:9:15) was used (232). Bands 
containing the substrate and formed metabolites were visualized under UV-light and col-
lected to scintillation vials with 0.1M or 0.2M HCL. Scintillation cocktail was then added 
to samples (Optiphase Hisafe 2 or 3, PerkinElmer). Samples were quantified with either 
Wallac-1409 liquid scintillation β-counter or MicroBeta2 Plate counter (PerkinElmer). 
Specific enzyme activities were calculated from raw data gathered from β-counter (Formula 
1).  
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Formula 1. 

� � ���� � �� ����������� ���������
���������  

 
 
 
Smpl = 3H - Counts from the sample (dpm) 
Bl = 3H - Backround (dpm) 
[Subst] = Substrate concentration (μM) 
Total = Total 3H - Counts added to the well (dpm) 
t = Incubation time (min) 
s = Mixture aliquot added to TLC-plate (μl) 
AV = Total reaction volume (ml) 
 
 
Specific conditions in each assay:  
 
(I) eNTPDase1/CD39, the VVECs and HUVECs were incubated for 20−25 min with 500 
μM ATP (Sigma, Germany) with tracer [2,8-3H]ATP (spec. act. 19.0 Ci/mmol, Perki-
nElmer, USA) or ADP (Sigma) with tracer [2,8-3H]ADP (spec. act. 35.1 Ci/mmol, Perki-
nElmer). 5´-NT, cells were incubated for 45 min with 300 μM AMP (Sigma) with tracer [2-
3H]AMP (spec. act. 19.7 Ci/mmol, Quotient Bioresearch, GE Healthcare, UK). AK and 
NDPK, cells were incubated with 500 μM [3H]AMP (for 45 min) or [3H]ADP (for 10 min) 
as respective phosphorus acceptors and 700 μM of γ-phosphate-donating ATP.  
 
(II) eNTPDase1/CD39, human ECs and ECs isolated from the rat lungs were incubated 
with 350 μM ATP with tracer [2,8-3H]ATP (PerkinElmer) for 25 min. Part of the in vitro 
assays were made with 1 μM apelin-13 peptide pre treatment (30 min–o/n). 
 
(IV) eNTPDase1/CD39, cells were incubated on 24-well plates with 10 μM ATP (Sigma) 
with tracer [2,8-3H]ATP (PerkinElmer) or (ADA) with 10 μM adenosine (Sigma) with trac-
er [2-3H]adenosine (Amersham Biosciences). 3H-labelled nucleotides and nucleosides were 
separated and quantified by TLC as described above. 
 
For better visualization of the quantitative data on enzymatic activities, autoradiographic 
analysis for of major purine converting pathways was used. In addition, with this method 
also the accumulated inorganic Pi and PPi metabolic products from the nucteotide hydroly-
sis can be detected. This information can be used to determine the key nucleotide hydrolys-
ing enzymes. 
 
(I) TLC-plates were exposed to Kodak BioMax maximum sensitivity films for at least two 
weeks at -70°C, which were then developed by autoradiography. To confirm which en-
zymes are responsible for the particular catalytic reaction specific enzyme inhibitors were 
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used. Specifically, for 5´NT activity inhibition 10 μM adenosine α,β-methylene diphos-
phate (AMPCP, Sigma), for AK inhibition 10 μM Ap5A (Sigma) and for ADPase inhibition 
10 μM sodium polyoxotungstate (POM-1, Tocris Bioscience, UK). The nucleotide metabo-
lism of VVECs was evaluated with autoradiography also by incubating cells with 20 μM 
[γ-32P]ATP (PerkinElmer) for 45 min. Metabolites were subsequently separated with CEL-
300 PEI TLC-plates (Macherey-Nagel) with 0.75 KH2PO4 (pH 3.5) as running phase.  
�
2
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4.5 QUANTITATIVE REVERSE TRANSCRIPTION POLYMERASE CHAIN 
REACTION (I,II) 
 
Specific primers used in each experiment are presented in table 2 and the expression of 
target genes was always normalized to that of β-actin (housekeeping gene). Cellular RNA 
from the cells of interest was isolated with RNease spin columns (Qiagen, Valencia, CA, 
USA)(I) or with Nucleo Spin RNA II-kit (macherey-Nagel)(II). From the isolated RNA 
cDNA was synthesized with iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA)(I) 
or with Superscript VILO (Invitrogen)(II). RT-PCR reactions were performed with iTaq 
FAST SYBR Green Supermix with ROX (Bio-Rad) (I) or with qRT-PCR SYBR green 
MasterMix (eurogentec, Mesa Green qPCR Mastermix Plus for SYBR assay) using ABI 
7500 Fast Real-time PCR System (Applied Biosystems, Inc., Foster City, CA, USA). 
 
 
Table 2. List of all primers used thise study 

Gene Forward Reverse 
Organ-
ism 

Pa
per 

entpd1 AATAAAGATGAGCGTCTTAAACGA CCACGGATTTCAATGTCAACGAG calf I 
CD73 TCTGAGCGCAAACATTAAAGCC CAATCCCCACAACTTCATCACC calf I 
HIF-1α CTTCGGTATTTAAACCATTGCAT GGACAAACTCCCTAGCCCAA calf I 
β-actin CGGTCAGGTCATCACTATCG TTCCATACCCAGGAAGGAAG rat II 
entpd1 GTCTCTCCTTCTGCAAGGCT TTGCTGTCTTTGATCTTGCC rat II 
p2ry11 GACTTCCTGTGGCCCATACT CAGCTGGACAGAGAAGACCA human II 
entpd1 GAGGAGCCTCAGCAACTACC TGAATTTGCCCAGCAGATAG human II 
β-actin CACTCTTCCAGCCTTCCTTC GGATGTCCACGTCACACTTC human II 
aplnr CCCTAAACCACAAACCTCTGA GCTACTCCTTGTCCTATGCAC human II 

 
 
4.6 WESTERN BLOTTING ANALYSIS (I,II,III) 
 
All used antibodies are specified in table 3. In project I, proteins from whole cell lysates 
were separated on 4-12% Bis-Tris polyacrylamide gels (Invitrogen Inc, Carlsbad, CA, 
USA). Proteins were transferred to PVDF membranes (I) or nitrocellulose membranes (III, 
IV) from the gels and membranes were blocked with 5% non-fat milk or 3% BSA before 
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applying primary and secondary antibodies. Obtained bands were visualized with ECL kit 
(Renaissance, NEN Life Science Product, Boston, MA, USA or Enhanced ECL, Perki-
nElmer) and analyzed with ImageJ software. 
 
 
Table 3. Antibodies used in immunoassays  

Antibody Host Dilution Type 
Aplica
tion Source   Paper 

CD39 goat 1:500 polyclonal WB Santa-Cruz H-85 I 
GAPDH rabbit 1:1,000 monoclonal WB CST 14C10 I 
P2Y11 rabbit 1:150 polyclonal IHC Abcam ab140878 II 
P2Y11 rabbit 1:250 polyclonal WB Pierce PA5-28772 II 
CD39 mouse 1:500 monoclonal WB Abcam ab30422 II 
β-actin  goat 1:2,000 polyclonal WB Abcam ab8229 I,II,III 
ERK1/2 rabbit 1:200 polyclonal WB Santa-Cruz sc-94 II 
pERK1/2 mouse 1:200 monoclonal WB Santa-Cruz sc-7383 II 
pH2A.X 
pH2A.X 
pH2A.X mouse 

1:5,000 
1:100 
1:1,000 monoclonal 

WB 
ICC 
IHC Millipore MABE205 III 

p53 rabbit 1:1,000 polyclonal WB CST 9284 III 
CD39 goat 1:200 polyclonal IHC Santa-Cruz H-85 II 
CD31 mouse 1:50 monoclonal IHC CST 89C2 II 
CD34 mouse 1:50 monoclonal IHC CST ICO115 II 

CD39 mouse 1:1,000 monoclonal iF 
Ectonucleo-
tidases-Ab 

hN1-9L(I4,I5) 
 II 

 
 
4.7 BIOLUMINESCENT QUANTIFICATION OF EXTRACELLULAR ATP, ADP AND 
PPi (I,II,IV) 
 
(I) The extracellular levels of ATP, ADP and PPi were also determined with a lumines-
cence-based assay. In project I, VVECs cultured in 24-well plates were washed before the 
cell media was changed to Krebs-Ringer phosphate glucose (KRPG; 145 mM NaCl, 5.7 
mM sodium phosphate, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, and 5.5 mM 
glucose; pH 7.35). Sample aliquots (100 μl) were collected from the wells after 1 and 2.5 h 
of incubation at conventional cell incubator. The ATP and ADP concentrations were quan-
tified from these samples using ATPlite kit (PerkinElmer). Samples from the aliquots were 
transferred to 96-well plates with H2O (mixture A) or with 200 μM UTP and 5 U/ml NDP 
kinase (Sigma) (mixture B) and proceeded with the protocol according to manufacturer’s 
instructions. Luminescence from the samples was read with Tecan Infinite-M200 (Salz-
burg, Austria). ATP concentration from A samples and ADP concentration by subtracting 
the signal A from B samples (B-A=[ADP]) were quantified from calibration curves. 
 
(II) The rate of 2 μM extracellular ATP clearance with iPAH and control ECs were ana-
lyzed as in project I with phosphate free basal salt solution (BSS: 130 mM NaCl, 5 mM 
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KCl, 1.5 mM CaCl2, 1mM MgSO4, 25 mM HEPES, 5 mM glucose and 0.1% bovine serum 
albumin (BSA), pH 7.4). Parts of these assays were made with1 μM apelin pretreatment. 
 
(IV) In project IV, ATP and ADP concentrations were measured as in project I with KRPG 
buffer and with chemical treatments. The following drugs were used: pro-inflammatory 
cytokine human recombinant tumor necrosis factor-α (TNF- α, 200 U/ml), interleukin 1β 
(500 U/ml) (both from R&D Systems), endotoxin lipopolysaccharide from Escherichia coli 
0111:B4 (LPS, 10 ng/ml), non-hydrolysable cAMP analogue dibutyryl cAMP (20 μg/ml), 
and inhibitor of nucleoside transport S-(4-nitrobenzyl)-6-thiosine (NBT, 1 μM) (all from 
Sigma). In project IV measurements were done with BSS with or without 2 μM ATP or 
adenosine. With similar luminescence based assay the concentration of formed extracellular 
PPi was also quantified. The protocol was adapted from previously published enzyme-
linked bioluminescence assay (233) producing ATP, which could be measured with the 
ATPlite kit with 5x concentrated ATP-monitoring reagent. By subtracting the signal from 
ATP samples from PPi samples the extracellular PPi concentration could be quantified.  
 
 
4.8 TRANSENDOTHELIAL PERMEABILITY ASSAY (I) 
 
HTS FluoroBlok™ 96-Multiwell Insert system with 8 μm pore size (BD Falcon) and FITC-
conjugated dextran 70 kDa (Molecular Probes®, Invitrogen) was used to analyse the perme-
ability of VVEC monolayers. Wells were coated with fibronectin before cells were seeded 
to the inserts and cultured in complete media until near 100 confluency was formed. The 
integrity of the monocell layer was tested with human red blood cells. Prior to experiment, 
cells were washed and moved to serum free DMEM after which cells were pre-treated 30 
min with 10 μM ATP, ADP, adenosine, 5´-N-ethyl-carbox-amide-adenosine (NECA), or 
5´-(N-cycloprolyl)-carbox-amido-adenosine (CPCA) (all from Sigma). After the pre-
incubation the experiment was initiated by applying 35 μm FITC-dextran onto the cells and 
its flux from upper well to lower well through the EC monolayer was monitored periodical-
ly by measuring the fluorescence with Tecan Infinite-M200. 
 
 
4.9 FLUORESCENT QUANTIFICATION OF EXTRACELLULAR AMP, ADENOSINE, 
INOSINE, AND HYPOXANTHINE (I, IV) 
 
For this experiment a novel sensing technique, which uses enzyme cascade to sequentially 
convert AMP to H2O2, was developed. The formed H2O2 can be quantified with a sensitive 
and long lasting probe 10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red reagent), which 
react with H2O2 resulting to formation of fluorescent product resorufin. The fluorescence 
based assays were made from the same sample aliquots taken for biolumiscent detection of 
ATP (KRPG and BSS). Samples were transferred to 96-well plates with different combina-
tions of following enzymes: 0.15 U/ml 5’-nucleotidase from Crotalus adamanteus venom, 
0.3 U/ml adenosine deaminase (ADA, type IX from calf spleen), 0.25 U/ml bacterial purine 
nucleoside phosphorylase (PNP) and 0.15 U/ml microbial xanthin oxidase (XO); all en-
zymes were from Sigma. Samples were incubated with the enzymes for 20 min at RT prior 
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the Amplex Red (60 μM, Invitrogen, Molecular probes) and HRP (1 U/ml, Sigma) were 
added. Schematic presentation of the used enzyme cascade is presented in figure 8. The mix 
A contained all the enzymes for the entire cascade from AMP to H2O2, the mix B does not 
have the 5’NT, mix C is lacking both 5’NT and ADA, and so on up to mixture E to which 
no enzymes, besides the Amplex Red and HRP, were added. With calibration curves the 
AMP concentration was obtained with a simple equation (Signal A–Signal B = Signal from 
AMP). Adenosine concentration was similarly calculated (B–C) and so on for each product.  
 
 

 
Figure 8. Enzyme-coupled purine sensing assay. With the use of different enzyme mixtures 
the concentration of wide range of purines could be quantified from the same samples sim-
ultaneously. The enzyme mixtures were labeled from A-E and each one had one less en-
zyme than the previous one creating a multi step cascade. By subtracting the following sig-
nal from the proceeding one we were able quantify products from AMP to hypoxanthine. 
 
 
4.10 PROLIFERATION ASSAY (I, II) 
 
(I) Seeded ECs were serum starved in DMEM growth media for 72 h prior stimulation with 
ATP, ADP or adenosine (1 nM – 1mM). Cells were then cultured another 24 h with 0.125 
μCi of [methyl-3H]-thymidine. Incubation was stopped with 0.2 M perchloric acid and ly-
sates were mixed with liquid scintillation cocktail (Ecoscint H, National Diagnostics, At-
lanta, GA, USA) to measure the incorporated 3H–labeled thymidine with scintillation β-
counter (Beckman LS 6500) (230). 
 
(II) In the cell counting method Non-Target, CD39, and P2Y11 siRNA teated cells were 
seeded to 24-well plate in complete medium and let to attach. The number of attached cells 
in wells was counted to confirm equal seeding. The next day wells were washed with PBS 
and the cell culture media was changed to non-supplemented RPMI-1640 media and kept in 
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cell incubator for 6h. After the incubation period the wells were washed with PBS and the 
cell number (cells/ml) was analysed under a microscope. 
 
4.11 cAMP ASSAY (I) 
 
Intracellular cAMP concentrations were assayed with LANCE® cAMP Detection Kit 
(PerkinElmer) according to manufactures instructions. Detached VVECs were activated 
with G-protein coupled receptor agonists: forskolin, NECA, CPCA and adenosine (0.1 μM–
100 μM) for 45 min. FRET emission of the formed cAMP complex was read at 665 nm and 
quench correction was made at 615 nm (Tecan Infinite M200). 
 
 
4.12 EX VIVO ANALYSIS OF PURINE METABOLISM IN HUMAN 
UMBILICAL CORDS (I) 
 
Freshly cut human umbilical cords were sliced to length of 8 cm. Cord slices, were then 
washed with Hank’s salt solution and BSS. After washing we injected 2 ml of BSS, with or 
without 2 μM ATP or adenosine, to the cords and clamped the both ends. The clamped 
cords were incubated in a water bath (20 min, +37°C). After incubation the previously in-
jected BSS buffer was carefully collected and heat-inactivated. We assayed the purine nu-
cleoside, nucleotide and PPi concentrations as specified earlier in chapter 4.9. 
 
 
4.13 RNAi (II, III) 
 
CD39 and P2Y11 genes were downregulated with RNAi technique. Controls were treated 
with non-target siRNAs (On-Target plus smart pool system-siRNAs, Dharmacon, Fischer 
Scientific, Vantaa, Finland), cd39 cat# L015973-00-0005, p2y11 cat# L-005691-00-0005). 
Transfections were made with Opti-MEM (Gibco) and Lipofectamine® RNAiMAX Trans-
fection Reagent (Invitrogen) as described previously (234). 
 
 
4.14 CELL SURVIVAL AND VIABILITY (II, III) 
 
(II) Cell survival under several conditions was analyzed by measuring caspase 3/7 activities 
in cells. Caspase assays (Caspase 3/7 assay, Promega Nacka, Sweden) were done in 96-well 
plates according to the manufactures instructions. Cells were seeded in complete meidia 
and let to attach over night after which the media was changed to serum free EBM-2 media 
with treatments 2 μM ATP or 50 μM P2Y11 agonist β-Nicotinamide adenine dinucleotide 
(β-NAD, Sigma). The cell viability under different conditions was assayed with a XTT as-
say (Cayman chemical, Tallin, Estonia) according to the manufactures instructions. For the 
XTT assay cells were seede in complete media to 96-well plates and let to attach over night 
after which the media was changed to EBM-2 supplemented with 2% FCS with or without 
treatments (ATP, β-NAD). After the media change cells were incubated for another 24h 
before the absorbance was read. 
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(III) Cell survival of K562 and SUDHL-4 cancer cells was assayed with the same caspase 
3/7 assay as before. Doxorubicin hydrochloride 1 μM (DOX, Tocris) was used up to 24h 
timepoint to induce caspase 3/7 activation with or without 100 μM sodium polyoxotung-
state 1 (POM-1, Tocris) overnight pretreatment. 
 
 
4.15 SMC MIGRATION THROUGH POROUS MEMBRANE (II) 
 
Assays were done using Transwell® Permeable Supports with 5 μm pore size (Corning, 
Amsterdam, The Netherlands) according to the manufacturer´s instructions. ECs with 2 μM 
ATP or 1 μM apelin in the bottom wells were used to induce or inhibit the SMC migration 
through the membrane during over night incubation. The next day the cells that had trans-
ferred through the membrane were fixed with formalin, stained with hematoxyllin and eo-
sin, and the number of cells was counted under a microscope. 
 
 
4.16 IN VITRO INDUCED DNA DAMAGE (III) 
 
Cellular DNA damage with ECs and with used cancer cell lines was induced to cells with γ-
irradiation using 4 Gy or 5 Gy, the median irradiation dose for ECs based on the litera-
ture(235)Furthermore, DNA damage was induced with chemotoxicants Methyl methanesul-
fonate (MMS, 500 μM) (Sigma) and DOX 1 μM. ATP-γ-S 10 μM (Tocris) and Sodium 
Polyoxotungstate POM-1 (100 μM, Tocris) were used for creating ATP rich cell environ-
ment. 
 
 
4.17 IMMUNOHISTOCHEMISTRY (IHC) AND IMMUNOCYTO-
CHEMISTRY (ICC) (II, III) 
 
Lung tissues from two unrelated IPAH patients and two control patients, without previous 
history of pulmonary disease, were used for IHC (used primary antibodies are presented in 
table 3). The IHC-staining was done with ImmPRESS HRP polymer detection kit (Vector 
laboratories, Peterborough, UK)(II) or with Biocare Medical IHC kits (Concord, CA, 
USA)(III), both according to manufacturer’s instructions. After DAPI detection the slides 
were stained with hematoxyllin. 
 
For ICC-staining, ECs were seeded into 4-well chamber slides (Thermo Scientific, Lab-
Tek), 50x103 cells per well, let to attach and recover o/n. Next day cells were fixed with 4% 
formaldehyde and treated with Triton X-100 for permeabilization. After permeabilization 
and washings, slides were blocked with antibody blocking solution at 37°C for 1h and pri-
mary antibody was added, after additional washings, and incubated over night at 4°C. Be-
fore and after addition of secondary antibody FITC-conjugated AffiniPure (Jackson Immu-
noResearch Laboratories, Suffolk, UK) slides were washed three times. Cells were stained 
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with DAPI including Vectashield mounting medium (Vector Laboratories, Peterborough, 
UK). Evaluation was done under fluorescent microscope.  
 
In study IV, the CD39 siRNA silenced and control cells were irradiated with 5 Gy to induce 
DNA double strand breaks. After this the cells were left to recover for 4h in cell incubator 
before the cells were fixed and probed. The γH2AX positive foci were calculated with im-
ageJ-software from single cells with 50 cells per condition. 
 
 
4.18 STATISTICAL ANALYSES (I–IV) 
 
Majority of the results are presented as column bars (mean ± SEM). Statistical analyses 
were done with GraphPad Prism™ software (La Jolla, CA, USA). For comparision be-
tween two groups we used unpaired two-tailed t-tests or Mann-Whitney U tests. For the 
analysis of multiple groups we used analysis of variance (One-Way ANOVA) with Bonfer-
roni correction. P values lower than 0.05, were considered statistically significant. 
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RESULTS AND DISCUSSION 
�
 
5.1 ECs AND OTHER CELL TYPES MAINTAIN CERTAIN NANO-
MOLAR LEVELS OF EXTRACELLULAR ATP, ADP AND ADENOSINE 
(IV) 
 
ATP release to the extracellular milieu is one of the key components of purinergic signal-
ing. By using our novel H2O2-sensing method with AmplexRed reagent, together with an 
enzyme-coupled bioluminescence assay, we were able to detect nanomolar concentrations 
of ATP, ADP, AMP, adenosine, inosine, hypoxanthine, and pyrophosphate all at the same 
time. The extracellular concentration in non-stimulated ECs (HUVEC and HDMEC) and 
EAhy926 cells was kept at low nanomolar level (~2–5 nM). Interestingly, the cancer cell 
lines Jurkat, MDA-MB-231, and B16-F10 kept considerably higher concentration of extra-
cellular nucleotides (up to 25 nM). A particularly interesting finding was that the relatively 
high ATP/adenosine ratio in Jurkat T-cells was opposite to the low ratio in ECs, which 
might provide some insight regarding their dominant metabolic pathways (Figure 9).  
 
Lymphoid and ECs have been reported to display both ATP-regenerating/adenosine-
deaminating and nucleotide-inactivating pathways (92); however, the lack of ecto-
5’nucleotidase/CD73 in Jurkat cells could explain the differences in the extracellular aden-
osine pools (92). Yet, little is known about the cellular mechanisms for basal level mainte-
nance of purines. It is thought that the nanomolar extracellular ATP could reflect the con-
centration of the pericellular phase, which is localized in close proximity to the outer cell 
membrane (6, 236, 237). Our results are in line with previous studies reporting ATP release 
from excitatory and non-excitatory cells (4, 238, 239). 
 
 

 
Figure 9. These histograms present the ATP/adenosine ratio at basal level in the bathing 
medium measured after 60-min incubation (white bars) and 120-min incubation (grey bars). 
 
Next, induction of ATP secretion from HUVECs, EAhy926 cells and Jurkat T-cells was 
attempted, with the pro-inflammatory agents TNFα, interleukin-1β, dibutyryl cAMP, and 
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LPS as it is generally accepted concept that there is increased ATP levels at sites of in-
flammation. In tested cells, only the endotoxin LPS increased extracellular adenosine con-
centration by 50% but it failed to effect ATP concentrations. In addition, ECs appeared to 
preferably uptake adenosine via nucleoside transport NBT, while cancer cell lines use ecto-
adenosine deaminase (ADA) to further metabolize the extracellular adenosine. Mechanical 
stimulation of ECs induced with harsh pipetting led to significant increase in extracellular 
ATP (Figure 10, unpublished results) but not adenosine concentrations. This increase might 
be caused by shear-stress induced ATP release (240) or due to convection of the cell-
surrounding pericellular ATP pool into the external milieu. 
 

 
 

 
 
Figure 10. Harsh pipetting induces ATP release from vascular ECs. Harsh pipetting of the 
medium in three repetitions at the center of the wells with cultured EC (pooled results with 
MEC and HUVEC) increased the median of extracellular ATP level from 8.2 nM to 24.3 
nM. 95% confidence box and whiskers, Mann-Whittney U-test was used for statistical 
analysis, p=0.0047. 
 
 
5.2 NOVEL ATP, ADP, AMP, ADENOSINE, INOSINE, HYPOXANTHINE, 
AND PPi SENSING METHODS: RELIABILITY AND COMPARISON TO 
OTHER AVAILABLE METHODS (IV) 
 
The fact that we obtained similar results from our fluorescence- and TLC-based enzyme-
activity assay suggests that our new method works well. Even though the lucifer-
in/luciferase method is well established for sensing ATP levels in various experimental 
settings, the method needs to be combined with particular mixtures of enzymes to allow 
broader substrate specificity, such as detection of ADP and PPi (169, 233, 236, 238). Simi-
larly, AMP, adenosine, inosine, and hypoxanthine levels were measured with the use of 
specific enzyme mixtures, which sequentially convert AMP to H2O2. The end product H2O2 
can be subsequently quantified with electrochemical (241), fluorometric (242), or chemi-
luminescence (243) based methods.  
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Other methods to detect purine concentrations include cell-based approaches (244, 245), 
HPLC analysis (246), fluorescent 1,N6-ethenoadenine derivate compounds (247), atomic 
force microscopy (248), silicon nanowire devices (249), microscopic analysis of fluores-
cence in cells (250), and PPi detection by fluorescent or colorimetric assays (251). Howev-
er, the main advantage of our approach is that we were able to detect ATP and all of its 
metabolites down to H2O2 from the same aqueous samples without any additional sample 
manipulation maneuvers. In addition, no sophisticated equipment is required for the method 
presented here except a fluorescence/luminescence detector.  
 
 
5.3 ENDOTHELIAL CELLS DO NOT DISPLAY ECTO-NPP ACTIVITY 
(IV) 
 
Autoradiographic TLC imaging and basal level measurements clearly demonstrated that 
cancer cells but not ECs are able to convert ATP into AMP and PPi. Our results show that 
metastatic cells (PC3 and MDA-MB-231) have both NTPDase and NPP activity in contrast 
to vascular ECs, which have been reported to have only NTPDase1/CD39 mediated 
ATPase activity (91, 169). In cancer research, the ATP-PPi axis has drawn very little atten-
tion as a potential regulator of cancer-cell migration and invasion. However, synthetic ana-
logues of PPi called bisphosphonates have been used to treat metastatic cancers in bone 
(252). The current theory is that these effects are mediated through mevalonate/cholesterol 
biosynthesis inhibition or through other intracellular ATP-dependent pathways. Still, since 
some bisphosphonates are able to substitute PPi and form unhydrolysable ATP. Some of 
these anti-tumor effects could be caused by interference with the extracellular PPi homeo-
stasis (253). 
 
 
5.4 PURINE HOMEOSTASIS MEASURED IN THE HUMAN UMBILICAL 
VEIN (IV) 
 
We tested whether the purine-sensing method (chapter 5.2) could be applied for evaluating 
purine homeostasis in tissues by using human umbilical cords. The medium collected from 
the washed umbilical vein had a very high hypoxanthine concentration (~3 μM) and nano-
molar levels of adenosine and inosine. ATP and ADP levels were below the detection limit 
but some PPi (10 nM) was detected in the collected medium. The 20 min incubation with 2 
μM ATP or adenosine failed to shift the spectrum of measured metabolites, which indicates 
that basal levels of purines are kept constant with efficient turnover of the released purines.  
 
We believe that the luminal EC lining is the main regulator of the measured intravenous 
purine homeostasis and our results are fairly similar to those obtained from cultured HU-
VECs. The high nanomolar levels of adenosine and low ATP levels are consistent with the 
concept that adenosine is important in the maintenance of endothelial-barrier function as 
opposed to ATP, which may induce vessel leakiness.  
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5.5 DOWNREGULATED ECTO-ENZYME ACTIVITIES INDUCE CELL 
PROLIFERATION IN VVECS (I) 
 
Expansion of the vasa vasorum network in chronically hypoxic calves has been previously 
described (230). Here, we focus on the role of endothelial ecto-enzymes in these conditions. 
We assayed specific ecto-nucleotidase and kinase activities with TLC using saturating con-
centrations of appropriate nucleotide substrates.  
 
The hydrolyzing activities of CD73 and CD39 were decreased in chronically hypoxic 
VVECs. AMP hydrolysis by CD73 was decreased by approximately 80% (p<0.05) and 
CD39-mediated ADP (50% reduction, p<0.05) and ATP (~25% reduction, n.s.) hydrolysis 
rates were downregulated as well (Figure 11A). There were no changes, however, in the 
activities of the enzymes of the ATP-generating pathway (AdK and NDPK). As a conse-
quence, the chronically hypoxic VVECS kept considerably higher basal extracellular levels 
of ATP (~60%, p<0.05) and ADP (~65%, p<0.05), as measured 1h after media change 
(Figure 11B). It should be considered that higher micromolar ATP concentrations could be 
maintained in the pericellular space, while only a fraction is detected in the bulk medium 
(2).  
 
It seems that vascular ECs react to various stress conditions such as chronic hypoxia, but 
also to inflammation and oxidative stress, by attenuating their NTPDase1/CD39 activity 
(141, 254). 
 



������������
�����
���

�<@�

 
Figure 11. A. ATP, ADP, and AMP hydrolyzing ecto-enzyme activities in control and 
chronically hypoxic VVEC. B. Extracellular ATP and ADP concentrations as measured at 1 
hour and again 2.5 hours after media change. 
 
 
Both ATP and ADP were able to induce VVEC proliferation in [H3]thymidine incorpora-
tion assay, whilst, the cells from chronically hypoxic calves were significantly more prolif-
erative at lower ATP and ADP concentrations (10-6M), and control cells isolated from 
normoxic animals needed 10 times higher ATP and 100 times higher ADP concentrations 
for activation. Together the results imply that even a slightly elevated extracellular ATP 
concentration is sufficient to activate P2 receptors. This might lead to the development of a 
pro-angiogenic and hyperproliferative EC phenotype, which in turn could lead to patholog-
ical vascular remodeling, such as observed in PAH. Importantly, this high ATP sensitivity 
is a characteristic feature of ECs in small vessels since ECs from systemic vessels have 
much weaker responses to ATP and significantly higher NTPDase activities (255). 
 
Surprisingly, the changes in nucleotidase activities were not mediated by changes in their 
expression levels. No significant changes were seen in CD39 or CD73 mRNA expression 
levels in chronically hypoxic cells compared to control cells. Also CD39 protein expression 
was constant in both groups. Unfortunately we did not find a working antibody against bo-
vine CD73 for protein-level detection. 
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In addition to possible changes in protein-expression levels, the enzymatic activities of 
CD39 and CD73 can be post-translationally modified. Both ATP and ADP, which were 
accumulated in hypoxic animal cells, are known to inhibit the CD73 AMP hydrolysing ac-
tivity (91). In addition, adenosine further activates CD73 activity, while a decrease in aden-
osine levels could inhibit CD73 even further (256). CD39 enzymatic activity can be up-
regulated by the formation of multimers, or downregulated through monomerization or ox-
idative inactivation(254, 257) 
 
 
5.6 DOWNREGULATED EC CD39 ACTIVITY IN PULMONARY 
ENDOTHELIUM COULD LEAD TO EC AND SMC DYSFUNCTION (II) 
 
Even though CD39 activity can be post-translationally modified, its activity is mainly regu-
lated by changes in expression(258)We used immunohistochemistry to visualize the ex-
pression of CD39 in lung endothelium from three unrelated iPAH patients and unaffected 
controls. We observed that the expression of CD39 was markedly reduced in the intact en-
dothelium of all remodelled vessels of the iPAH patients compared to the healthy arteries of 
the control patients (Figure 12). 
 
We used ECs isolated from two IPAH patients to evaluate CD39 expression levels. CD39 
protein expression level was significantly decreased in iPAH ECs in these analyses. The 
protein level down-regulation of CD39 was in line with the measured 57% decrease in spe-
cific ATP hydrolysing activity. Furthermore, recovery to basal level after 2 μM ATP addi-
tion was significantly attenuated (80%) in iPAH ECs.  
 
To confirm our findings we used the rat model of PAH and utilized our magnetic-bead 
based in vivo profiling strategy to measure CD39 activity without cell culturing. The results 
fit well together with our human studies, since the ECs from MCT-injected animals had 
significantly decreased CD39 ATPase enzymatic activity (45%) five days after MCT injec-
tion. 
 

Figure 12. Immunohistochemistry showing the CD39 protein expression is decreased in 
remodelled vessel from a PAH patient compared to a healthy control while the endothelial 
cell layer remains intact based on the EC marker CD31 staining. 
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To study the CD39 deficient EC phenotype in control cells we utilized siRNA techniques to 
reduce CD39 expression. In our studies, EC downregulation of CD39 alone led to the acti-
vation of ERK1/2, which suggests that the loss of CD39 leads to a niche with increased 
ATP, capable of activating the ERK1/2 pathway. These results are in line with a previous 
report showing that ATP can activate the ERK1/2 pathway in endothelial cells (259). 
 
CD39 down-regulation with siRNA significantly increased cell proliferation by 20% in our 
cell-count experiments. This phenotype change was accompanied with increased resistance 
to apoptosis as measured by caspase 3/7 activation (25% more resistant). The cells made 
CD39 deficient with siRNA also showed significantly higher metabolic activity in XTT-
assays (30% increase), when compared to control ECs. Similarly, 2 μM ATP alone was 
able to increase resistance to serum starvation induced caspase 3/7 activation (30% more 
resistant) and increase metabolic activity in XTT assay (100% increase), when compared to 
control ECs. Interestingly, IPAH ECs demonstrated no response at all to the added 2 μM 
ATP in similar caspase 3/7 and NAPDH assays.  
 
In conclusion, the loss-of CD39 ATPase activity is similar to the phenotypic switch ob-
served in pulmonary ECs during PAH pathogenesis (217) which led to an apoptosis-
resistant and hyperproliferative phenotype.  
 
We were interested to see if a small ATP gradient from CD39-deficient ECs could influ-
ence the surrounding SMCs. We tested this by initiating a co-culture system. We observed 
a significant 20% increase in SMC migration through a porous membrane, towards the 
CD39-deficient ECs, when compared to control ECs. Furthermore, 2 or 10 μM ATP alone 
was able to increase the SMC migration.  
 
In line with previously published studies (173, 174), 2 μM ATP induced a 50% increase in 
SMC viability in XTT assays. These identified effects on SMC are mediated through P2 
receptor activation, but they might be attributable also by adenosine receptor inhibition 
caused by decreased adenosine levels in the CD39-deficient cell co-culture system. Since 
adenosine inhibits SMC proliferation and promotes SMC apoptosis, adenosine might be an 
important modulator of intima thickness (260). 
 
 
5.7 ADENOSINERGIC REGULATION OF THE VASCULAR BARRIER IN 
DYSFUNCTIONAL VVECs FROM CHORICALLY HYPOXIC CALVES (I) 
 
It has been well established that hypoxia induces vascular leakage (261), which can be reg-
ulated through adenosinergic signaling (262). The role of adenosinergic signaling under 
chronic hypoxia in vascular leakage in VVECs has not been studied previously, however. 
EC monolayer permeability was studied by measuring the flux of FITC-dextran through the 
cell layer.  
 
Cells from chronically hypoxic animals had significantly compromised barrier function as 
it took only 15 min to reach 50% of maximal fluorescence on the other side of cell mono-
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layer while in control cells this took 40 min to develop. Various pre-treatments such as 
NECA (non-selective adenosine receptor agonist), CPCA (A2- selective agonist), ATP and 
AMP enhanced the barrier function of control cells, but were unable to improve the barrier 
function in cells isolated from chronically hypoxic calves.  
 
A2 adenosine receptors are linked to a stimulatory G-protein receptor, which increases in-
tracellular cyclic AMP (cAMP) upon activation. In addition, cAMP has been shown to be 
involved in pulmonary endothelial vascular barrier function maintenance (263). This led us 
to hypothesize that cAMP production, upon adenosine receptor ligation, could be ineffec-
tive.  
 
Surprisingly, no differences were seen in the intracellular cAMP levels after A2 receptor 
stimulation, between cells from chronically hypoxic animals and control cells. These results 
suggest that irresponsiveness to adenosinergic EC barrier function enhancement is not be-
cause of dysfunctional cAMP generation after A2 receptor stimulation. One possibility is 
that the disturbed adenosine homeostasis due to CD73 and CD39 downregulation will ad-
versely affect the VVEC barrier function in cells from chronically hypoxic calves via an 
unknown mechanism. These effects cannot be compensated through adenosine receptor A2 
activation.  
 
The results presented here are in agreement with the increased vascular permeability that 
has been reported previously in the lungs of CD73–/– mice (264) and numerous studies that 
have shown the importance of CD73 in the control of EC barrier function and leukocyte 
migration through the EC layer (74, 81, 256, 265, 266). In chronic hypoxia, vascular-EC 
barrier function is dysfunctional in PAH, probably due to decreased BMPR2 expression 
(267), which could be an additional mechanism for adenosine-controlled vascular permea-
bility. Moreover, it has been shown that hypoxia downregulates BMPR2 expression and 
thus affects to the BMPR2 mediated cell signaling (268), suggesting a common regulator 
for both CD73 and BMPR2 expression.  
 
 
5.8 ATP MEDIATED EC ACTIVATION COULD BE DEPENDENT ON 
THE P2Y11 ATP RECEPTOR (II) 
 
A screening was next made for a candidate purinergic receptor that could be important for 
the observed ATP-mediated effects and would prefer ATP as a substrate molecule. P2Y11 
receptor was the most downregulated purinergic receptor by re-evaluating data from a pre-
viously published microarray study where bone morphogenetic protein receptor 2 
(BMPR2), a key receptor in PAH, was downregulated with siRNA on healthy human pul-
monary ECs (231). As BMPR2 is known to regulate pulmonary EC survival (269) we hy-
pothesized that P2Y11, which only recognizes ATP as a substrate (270, 271), could be im-
portant for ATP mediated responses. The function of P2Y11 receptor in EC biology is fair-
ly unknown and only few papers exist. In one of these these papers the P2Y11 receptor has 
been linked to cell-cycle arrest and cell death with high ATP concentrations (50-100 μM) in 
human umbilical cord ECs and aortic ECs (272). 
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First we confirmed that the P2Y11 receptor is expressed in the lung endothelium by lung-
section IHC-staining and by quantifying HMVEC and iPAH-patient P2Y11 mRNA and 
protein-expression levels. At mRNA levels the P2Y11 receptor was similarly expressed in 
both control and iPAH-patient derived cells. However, there was a quantified 50% up-
regulation in the protein expression level of four iPAH patients. To study the P2Y11 defi-
cient EC phenotype we used siRNAs to down-regulate P2Y11 expression in ECs.  
 
In our experiments, P2Y11 down-regulation leads to a significant 20% decrease in prolifer-
ation with cell-count experiment and significantly increased caspase 3/7 activation under 
serum starvation (60% more activation). Furthermore, P2Y11-deficient ECs also had a 70% 
decreased metabolic rate compared to control siRNA-treated ECs in the XTT assay. Inter-
estingly, the P2Y11 siRNA treatment also sensitized the iPAH cells to serum-starvation-
induced caspase 3/7 activation by 35% and decreased the cells metabolic rate by 50%.  
 
P2Y11 is clearly an important mediator of ATP-induced cell viability since P2Y11-
deficient healthy ECs were completely resistant to ATP-mediated survival and viability 
responses, while control non-targeting siRNA-treated ECs responded to ATP treatment. In 
line with these results, the P2Y11 receptor agonist β-NAD induced caspase 3/7 activation 
under serum starvation and increased the metabolic rate in healthy ECs, as seen with ATP 
treatment.  
 
Activation of the G-protein linked P2Y11 receptor can induce both calcium mobilization 
and cAMP pathways, which is a unique feature of the P2Y11 receptor (270). It would seem, 
however, that the enhanced cell survival would be mediated by the cAMP pathway (un-
published data). A sustained ATP gradient created by the down-regulation of CD39 could 
mediate the observed inactivity to ATP signaling in iPAH and CD39 knock-down cells 
through saturation of P2 receptors, such as P2Y11.  
 
One plausible explanation for the fact that iPAH and control cells had similar P2Y11 
mRNA expression level, but a 50% difference in protein expression, could be that the turn-
over rate of P2Y11 receptor is slower in iPAH cells. This could also explain why P2Y11 
mRNA silencing led to less dramatic results in iPAH cells than with control cells. The 
P2Y11 receptor has not been identified in rodents, which makes it challenging to study in 
in vivo conditions. Even so, the P2Y11 receptor might account at least partly for the major 
differences between rodent and human PAH. 
 
 
5.9 APELIN-13 PEPTIDE CAN INCREASE THE CELL BOUND CD39 
ATPASE ACTIVITY (II) 
  
Apelin peptide, which is endogenously expressed and an important regulator of vascular 
homeostasis, could have therapeutical use in PAH, based on results from hypoxia mouse 
and MCT rat models of PAH (231, 273). It is poorly understood, however, how apelin de-
livers its therapeutic effects. We hypothesized that the effects of apelin could be linked to 
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CD39 activity since increased CD39 activity could be a beneficial way to inhibit further 
vascular remodeling. Interestingly, when we incubated ECs with Apelin-13 peptide over-
night, CD39 activity increased in a concentration-dependent manner. This CD39 activity 
upregulation could only be detected with cell bound forms. The peptide failed to stimulate 
soluble forms of ATPases, such as Apyrase or other soluble forms from serum (un-
published data). The highest activation of CD39 was measured with 1 μM apelin, which 
resulted in a 300% increase in CD39 activity.  
 
Incubation with apelin had no effect on EC CD39 mRNA expression, which suggests that 
apelin would modulate the CD39 activity at a post-translational level. This is most likely 
achieved by enhancing multimer formation or by changing the catalytic centre of CD39. 
Apelin failed to activate CD73 activity in a TLC-based assay even though we measured a 
29% increase in the level of AMP breakdown product adenosine in in EC medium was 
measured by a fluorescence-based method after an hour of exposure to apelin and ATP. 
This result indicates a difference in ATP hydrolysis efficiency since CD39 down-regulation 
can also lead to decreased adenosine levels.  
 
The difference in adenosine production caused by apelin could be crucial for the worsening 
of PAH pathobiology, since it is well appreciated that adenosine enhances vascular-barrier 
function and inhibits inflammation (175). In addition, suppression of CD39 can lead to the 
accumulation of ADP, which can activate platelets at injury sites, as well as induce inflam-
mation(194, 274). Furthermore, increased thrombosis and decreased adenosine levels in 
plasma have been recognized in patients with severe PAH (190, 195). 
 
Even a 30-minute incubation time with apelin was sufficent to increase the surface CD39 
activity on ECs by 60% in healthy cells and by 17% in cells from iPAH patient. The differ-
ence in activation levels reflected the difference in expression levels since there is less 
CD39 on iPAH cells, for example for cluster formation. In addition, apelin silencing with 
siRNA techniques also significantly decreased CD39 mRNA expression levels (37% de-
creased expression).  
 
In the same EC–SMC co-culture system, as we previously used, the administration of 1 μM 
apelin to the ECs caused a 40% reduction in the migration of SMCs when compared to con-
trol conditions. This effect is likely to be due to a decreased ATP niche in SMC proximity. 
Interestingly, others have shown that blocking of connexin 43 hemichannels also inhibits 
vascular remodeling by reducing the extracellular ATP niche (26) that could reduce SMC 
proliferation and migration. In addition, we repeated the rat-MCT experiment with apelin 
treatment in order to evaluate whether the administration of apelin could increase the activi-
ty of CD39 ATPase in vivo.  
 
Apelin treatment did not affect CD39 ATPase activity in healthy animals. In the rat model 
of PAH, where the rats received MCT injection together with the apelin treatment, the 
ATPase activity was increased by 20%, indicating that apelin can also increase CD39 activ-
ity in vivo. Apelin treatment has been shown to be beneficial in MCT and hypoxia mouse 
models of PAH (275, 276) but the mechanism is not fully understood. The expression level 
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of apelin receptor (APJ) in pulmonary ECs was below detection in our experiments, both in 
control and IPAH ECs, similar to a previously reported study (231). Based on the obtained 
results, the molecular mechanism of apelin treatments could be mediated by increase in 
CD39 ATPase activity, which could modify the extracellular purinergic homeostasis to 
more favorable direction.  
 
 
5.10 EXTRACELLULAR ATP PROTECTS ENDOTHELIAL BUT NOT 
CANCER CELLS AGAINST IRRADIATION INDUCED OR 
CHEMICALLY INDUCED DNA DAMAGE (III) 
 
Because double-strand repairs are done without a template, the process is more prone to 
errors (277). After a double-strand break, the close-by H2A histone variant H2AX is quick-
ly phosphorylated. This phosphorylated form (γH2AX) is widely used as a biomarker for 
double strand breaks (278). The γH2AX functions as an alert signal for the repair machin-
ery and it has a substantial role in DNA-stability maintenance (278). Several kinases from 
the phosphatidyl inositol 3-kinase family, such as DNA-dependent protein kinases (DNA-
PK), ataxia telangiectasiamutated (ATM) kinases, and ATR (ATM and Rad-3 related) ki-
nases, are activated upon DNA double-strand breaks (279). These kinases activate several 
components required for DNA repair and to stop DNA replication until the breaks have 
been repaired (277). 
 
Stable ATP analogue ATP-γ-S pretreatment significantly reduced the amount of DNA 
damage in terms of expression level of the early DNA damage marker γH2AX. These re-
sults were consistent in all measured experimental settings in which we used irradiation or 
MMS, which alkylates bases in DNA, to induce DNA damage in cells.  
 
CD39 activity was next silenced with siRNA, similar to study II, in order to create an ATP-
rich niche in proximity to the cells. Surprisingly, the basal level of DNA damage was also 
decreased in CD39-deficient cells and the difference was enforced after irradiation treat-
ment. In the CD39 downregulated cells, γH2AX protein expression was 50% lower 45 min 
after irradiation, and 75% lower 4h after irradiation. These results were also visualized with 
immunocytochemistry in addition to the quantification made from western immunoblots 
(Figure 13). The DNA damage marker γH2AX protein expression was also decreased in 
CD39-downregulated cells after doxorubicin (DOX) treatment. Similar results, as with 
CD39 siRNA-treated cells, were obtained with POM-1, which is a chemical inhibitor of 
CD39, treated cells. In addition, we used p53, a classical marker for DNA damage, to con-
firm our findings.  
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Figure 13. The nuclei γH2AX immunocytochemistry from control and CD39 deficient ECs 
shows that CD39-deficient cells are less prone to irradiation-induced DNA double-strand 
breaks. Cells were stained at the basal level and after 5 Gy irradiation. 
 
In vivo rat models were next chosen to expand on the work already conducted in vitro. An-
imals pre-treated with POM-1 were given MCT, a drug widely used in PAH studies, which 
also induces DNA damage (280) or DOX. In the animals pre-treated with POM-1 we saw 
significantly decreased expression levels of γH2AX measured in heart and lung samples. 
These results were consistent between western blots made from whole tissue lysates and 
immunohistochemistry assays. 
 
Whether ATP would also protect cancer cell lines against DNA damage, which would pre-
vent the therapeutic use of ATP against DNA damage in healthy cells, was next tested. For 
this, human leukemia (K562) and lymphoma (SUDHL4) cell lines were employed, where 
the DNA damage was induced with DOX, a drug that can be used to treat both malignan-
cies(281, 282)Reassuringly, the results clearly demonstrated that POM-1 pre-treatment did 
not decrease the γH2AX protein expression level in either of the used cell lines. In addition, 
24h DOX treatment induced a significant caspase 3/7 activation in both studied cancer cell 
types. Pretreatment with POM-1 was unable to decrease the caspase 3/7 activation but actu-
ally increased it in K562 cells. This could be because of different downstream ATP recep-
tor signaling compared to ECs or due to the fact that cancer cells have high NPP activity, 
while ECs demonstrate no NPP activity, which POM-1 does not inhibit.  
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CONCLUSIONS AND FUTURE PERSPECTIVES 
 
� This dissertation describes a novel method to detect all ATP-derived nucleo-
tide and nucleoside down-stream metabolites with the combined use of enzyme coupled 
bioluminescent and fluorometric assays. With the use of this method, vascular ECs, leuko-
cytes, and tumor cells maintain basal levels of extracellular ATP, ADP, AMP, adenosine, 
and PPi at certain characteristic nanomolar levels. In addition, we have shown that this 
method can be applied to study purine-converting ecto-enzyme pathways. 
 
� NTPDase1/CD39 and ecto-5´-nucleotidase/CD73 activities were decreased in 
ECs isolated from chronically hypoxic calves. These cells were characterized by higher 
extracellular levels of ATP and reduced levels of adenosine compared to control cells. The-
se shifts in purine homeostasis may contribute to abnormal cell proliferation and barrier 
function, and favoured angiogenic processes.  
 
� This study on ATP-mediated signaling in PAH pathogenesis revealed a signif-
icant suppression of NTPDase1/CD39 in end-stage human IPAH patients and in a rat model 
of PAH. Based on these results, loss of CD39 activity lead to an increased concentration of 
extracellular ATP, which could modulate the cell phenotype of both ECs and SMCs.  
 
� Diminished ecto-enzyme activities led to an increase in extracellular nucleo-
tide levels. Even a small (2-10 μM) ATP concentration was sufficent to induce pulmonary 
EC viability, proliferation and pulmonary SMC proliferation and migration.  
 
� CD39 deficient and ATP pre-treated ECs were more resistant to irradiation or 
chemotherapy-induced DNA damage. However, it seemed that cancer cells were not pro-
tected after CD39 inhibition. This makes the use of ATP mediated signaling clinically fea-
sible for possible future applications. 
 
� Altogether, our results suggested that sustained CD39 expression could be 
protective against vascular remodeling in PAH, but also during chronic hypoxia. This hy-
pothesis was further supported by a recently published study on angioplasty-induced vascu-
lar injury, where over-expression of CD39 reduced the development of neointima (283). 
However, it seemed that ATP preconditioning before the initial vascular injury could be 
benefial in preventing vascular remodeling in selected cases. This disparency could be ex-
plained with acute versus chronic exposure to elevated ATP. In other words short term ATP 
activation seems to be beneficial for EC function but sustained activation may lead to 
pathological conditions. 
 
For future perspectives, it would be intriguing to study the mechanism behind apelin modu-
lated CD39 activity. Moreover, it would be interesting to see which of the apelin peptides, 
and at what concentration, would be the most efficient in activating CD39. Altogether, our 
results reveal that alterations in purinergic homeostasis could significantly contribute to 
pulmonary vascular remodeling in PAH. We also showed that these alterations could be 
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closely linked to other signaling pathways and molecules previously associated with PAH 
pathogenesis. Moreover, we have demonstrated that the purinergic pathway represents an 
attractive target for future therapies to treat PAH.  
 
The in-depth downstream signaling pathways of ATP in endothelial cells of PAH patients 
remain unknown. We have some preliminary results suggesting that CD39 expression 
could be linked to BMPR2, the hallmark of PAH, but this finding would need further inves-
tigation. Moreover, it would be interesting to study how the blockage of ATP release by 
targeting vascular Cx43 channels in ECs and SMCs would affect the observed pathological 
vascular remodeling.  
 
The mechanism of ATP-induced DNA repair remains unknown. We can speculate it might 
be linked to the function of topoisomerases responsible for the NHEJ or alternatively, to 
BMPR2 mediated signaling that has been shown to protect cells from irradiation and chem-
ically induced DNA damage (219). The efficient use of ATP targeted cell protection in the 
clinics would still require additional clarification of the receptors and downstream signaling 
pathways. 
 



����������������

�=@�

ACKNOWLEDGEMENTS 
 
This study was carried out in 2008-2011 at Medicity, research laboratory, University of 
Turku and in 2012-2014 at the Children´s Hospital research laboratory, Biomedicum, Uni-
versity of Helsinki. I am grateful to Professor Sirpa Jalkanen for providing excellent re-
search facilities and atmosphere for research in MediCity. Similarly, I want to thank Pro-
fessor Markku Heikinheimo for research facilities in Helsinki as well as agreeing to be my 
kustos. 
 
The Doctoral Programme In Biomedicine (DPBM) in Doctoral School in Health Sciences 
(DSHealth) and the Pediatric Doctoral School (TKO) are acknowledged for their support 
and education. This study has been financially supported by Sigrid Juselius foundation, 
Emil Aaltonen foundation, Alfred Kordelin foundation, Aarne Koskelo foundation, Finnish 
Foundation for Cardiovascular research, and Research Foundation of the Pulmonary Dis-
eases. 
 
I especially want to give my gratitude and respects for all my three supervisors: docent 
Gennady Yegutkin (MediCity) who has guided me since the very beginning of my pursuits 
in research in 2008, docent Tero-Pekka Alastalo (Biomedicum), and docent Juha Kosken-
vuo (Biomedicum). They have all helped and taught me a lot during these years. 
 
I also wish to thank my thesis committee: Docent Jussi Merenmies and Docent Olli 
Pitkänen for all their support and guidance. I wish to acknowledge the official thesis re-
viewers Riku Kiviranta and Risto Kerkelä for their comments and advices. 
 
I am grateful for all my co-authors, colleagues and others who took part in my studies and 
made this thesis possible. Special thanks to my closest collegues: Johannes Dunkel, Domin-
ik Eichin, Sanna Vattulainen, Joonas Aho, Oydiran Akinrinade, Anne Komulainen, Camilla 
Tallgren, and Aki Vartiainen. 
 
Outside the science life I especially want to thank my guitar teacher Jari Tarjasalo for all 
the support and guidance in learning to play. Music has been a really important meditative 
activity for me, and way of getting my thoughts away from all the sorrows. 
 
For my parents I am grateful for their endless support for my passion in science since ele-
mentary school and for the reagents you have provided to me for my early studies. Finally I 
want to thank my family for their support and understanding. Johanna I love you! Aaro and 
Aino, I hope that this will also encourage you to follow your dreams even if the path is 
sometimes difficult. 
 
Helsinki, October 2015 
 
Mikko Helenius



�����������

�=A�

REFERENCES 
(1) Burnstock G, Verkhratsky A. Evolutionary origins of the purinergic signalling system. Acta 
Physiol (Oxf) 2009;195:415-447. 

(2) Yegutkin GG. Nucleotide- and nucleoside-converting ectoenzymes: Important modulators of 
purinergic signalling cascade. Biochim Biophys Acta 2008;1783:673-694. 

(3) Beis I, Newsholme EA. The contents of adenine nucleotides, phosphagens and some glycolytic 
intermediates in resting muscles from vertebrates and invertebrates. Biochem J 1975;152:23-32. 

(4) Lazarowski ER, Boucher RC, Harden TK. Constitutive release of ATP and evidence for major 
contribution of ecto-nucleotide pyrophosphatase and nucleoside diphosphokinase to extracellular 
nucleotide concentrations. J Biol Chem 2000;275:31061-31068. 

(5) Bours MJ, Swennen EL, Di Virgilio F, Cronstein BN, Dagnelie PC. Adenosine 5'-triphosphate 
and adenosine as endogenous signaling molecules in immunity and inflammation. Pharmacol Ther 
2006;112:358-404. 

(6) Yegutkin GG, Mikhailov A, Samburski SS, Jalkanen S. The detection of micromolar pericellu-
lar ATP pool on lymphocyte surface by using lymphoid ecto-adenylate kinase as intrinsic ATP sen-
sor. Mol Biol Cell 2006;17:3378-3385. 

(7) Lazarowski ER, Sesma JI, Seminario-Vidal L, Kreda SM. Molecular mechanisms of purine and 
pyrimidine nucleotide release. Adv Pharmacol 2011;61:221-261. 

(8) Katsuragi T, Tokunaga T, Ogawa S, Soejima O, Sato C, Furukawa T. Existence of ATP-evoked 
ATP release system in smooth muscles. J Pharmacol Exp Ther 1991;259:513-518. 

(9) Gerasimovskaya EV, Ahmad S, White CW, Jones PL, Carpenter TC, Stenmark KR. Extracellu-
lar ATP is an autocrine/paracrine regulator of hypoxia-induced adventitial fibroblast growth. Sig-
naling through extracellular signal-regulated kinase-1/2 and the Egr-1 transcription factor. J Biol 
Chem 2002;277:44638-44650. 

(10) Buxton IL, Kaiser RA, Oxhorn BC, Cheek DJ. Evidence supporting the Nucleotide Axis Hy-
pothesis: ATP release and metabolism by coronary endothelium. Am J Physiol Heart Circ Physiol 
2001;281:H1657-66. 

(11) Msghina M, Gonon F, Stjarne L. Facilitation and depression of ATP and noradrenaline release 
from sympathetic nerves of rat tail artery. J Physiol 1999;515 ( Pt 2):523-531. 

(12) Sprague RS, Stephenson AH, Ellsworth ML. Red not dead: signaling in and from erythrocytes. 
Trends Endocrinol Metab 2007;18:350-355. 

(13) Eltzschig HK, Eckle T, Mager A, Kuper N, Karcher C, Weissmuller T, Boengler K, Schulz R, 
Robson SC, Colgan SP. ATP release from activated neutrophils occurs via connexin 43 and modu-
lates adenosine-dependent endothelial cell function. Circ Res 2006;99:1100-1108. 

(14) Wong CW, Christen T, Roth I, Chadjichristos CE, Derouette JP, Foglia BF, Chanson M, 
Goodenough DA, Kwak BR. Connexin37 protects against atherosclerosis by regulating monocyte 
adhesion. Nat Med 2006;12:950-954. 



�����������

�>8�

(15) Marcus AJ, Broekman MJ, Drosopoulos JH, Islam N, Pinsky DJ, Sesti C, Levi R. Heterolo-
gous cell-cell interactions: thromboregulation, cerebroprotection and cardioprotection by CD39 
(NTPDase-1). J Thromb Haemost 2003;1:2497-2509. 

(16) Gorman MW, Feigl EO, Buffington CW. Human plasma ATP concentration. Clin Chem 
2007;53:318-325. 

(17) Westfall DP, Stitzel RE, Rowe JN. The postjunctional effects and neural release of purine 
compounds in the guinea-pig vas deferens. Eur J Pharmacol 1978;50:27-38. 

(18) Bodin P, Burnstock G. Evidence that release of adenosine triphosphate from endothelial cells 
during increased shear stress is vesicular. J Cardiovasc Pharmacol 2001;38:900-908. 

(19) Sawada K, Echigo N, Juge N, Miyaji T, Otsuka M, Omote H, Yamamoto A, Moriyama Y. 
Identification of a vesicular nucleotide transporter. Proc Natl Acad Sci U S A 2008;105:5683-5686. 

(20) Robert R, Norez C, Becq F. Disruption of CFTR chloride channel alters mechanical properties 
and cAMP-dependent Cl- transport of mouse aortic smooth muscle cells. J Physiol 2005;568:483-
495. 

(21) Tousson A, Van Tine BA, Naren AP, Shaw GM, Schwiebert LM. Characterization of CFTR 
expression and chloride channel activity in human endothelia. Am J Physiol 1998;275:C1555-64. 

(22) Sprague RS, Ellsworth ML, Stephenson AH, Kleinhenz ME, Lonigro AJ. Deformation-induced 
ATP release from red blood cells requires CFTR activity. Am J Physiol 1998;275:H1726-32. 

(23) Mattoscio D, Evangelista V, De Cristofaro R, Recchiuti A, Pandolfi A, Di Silvestre S, Man-
arini S, Martelli N, Rocca B, Petrucci G, Angelini DF, Battistini L, Robuffo I, Pensabene T, Pieroni 
L, Furnari ML, Pardo F, Quattrucci S, Lancellotti S, Davi G, Romano M. Cystic fibrosis transmem-
brane conductance regulator (CFTR) expression in human platelets: impact on mediators and mech-
anisms of the inflammatory response. FASEB J 2010;24:3970-3980. 

(24) Lohman AW, Billaud M, Isakson BE. Mechanisms of ATP release and signalling in the blood 
vessel wall. Cardiovasc Res 2012;95:269-280. 

(25) Faigle M, Seessle J, Zug S, El Kasmi KC, Eltzschig HK. ATP release from vascular endothelia 
occurs across Cx43 hemichannels and is attenuated during hypoxia. PLoS One 2008;3:e2801. 

(26) Song M, Yu X, Cui X, Zhu G, Zhao G, Chen J, Huang L. Blockade of connexin 43 hemichan-
nels reduces neointima formation after vascular injury by inhibiting proliferation and phenotypic 
modulation of smooth muscle cells. Exp Biol Med (Maywood) 2009;234:1192-1200. 

(27) Lu D, Soleymani S, Madakshire R, Insel PA. ATP released from cardiac fibroblasts via con-
nexin hemichannels activates profibrotic P2Y2 receptors. FASEB J 2012;26:2580-2591. 

(28) Li H, Liu TF, Lazrak A, Peracchia C, Goldberg GS, Lampe PD, Johnson RG. Properties and 
regulation of gap junctional hemichannels in the plasma membranes of cultured cells. J Cell Biol 
1996;134:1019-1030. 

(29) Contreras JE, Saez JC, Bukauskas FF, Bennett MV. Functioning of cx43 hemichannels demon-
strated by single channel properties. Cell Commun Adhes 2003;10:245-249. 



�����������

�>9�

(30) Gomes P, Srinivas SP, Van Driessche W, Vereecke J, Himpens B. ATP release through con-
nexin hemichannels in corneal endothelial cells. Invest Ophthalmol Vis Sci 2005;46:1208-1218. 

(31) Haefliger JA, Nicod P, Meda P. Contribution of connexins to the function of the vascular wall. 
Cardiovasc Res 2004;62:345-356. 

(32) Panchin Y, Kelmanson I, Matz M, Lukyanov K, Usman N, Lukyanov S. A ubiquitous family 
of putative gap junction molecules. Curr Biol 2000;10:R473-4. 

(33) Dahl G, Keane RW. Pannexin: from discovery to bedside in 11+/-4 years? Brain Res 
2012;1487:150-159. 

(34) Woehrle T, Yip L, Elkhal A, Sumi Y, Chen Y, Yao Y, Insel PA, Junger WG. Pannexin-1 hem-
ichannel-mediated ATP release together with P2X1 and P2X4 receptors regulate T-cell activation at 
the immune synapse. Blood 2010;116:3475-3484. 

(35) Billaud M, Lohman AW, Straub AC, Looft-Wilson R, Johnstone SR, Araj CA, Best AK, 
Chekeni FB, Ravichandran KS, Penuela S, Laird DW, Isakson BE. Pannexin1 regulates alpha1-
adrenergic receptor- mediated vasoconstriction. Circ Res 2011;109:80-85. 

(36) Godecke S, Roderigo C, Rose CR, Rauch BH, Godecke A, Schrader J. Thrombin-induced ATP 
release from human umbilical vein endothelial cells. Am J Physiol Cell Physiol 2012;302:C915-23. 

(37) Locovei S, Bao L, Dahl G. Pannexin 1 in erythrocytes: function without a gap. Proc Natl Acad 
Sci U S A 2006;103:7655-7659. 

(38) Bruzzone R, Barbe MT, Jakob NJ, Monyer H. Pharmacological properties of homomeric and 
heteromeric pannexin hemichannels expressed in Xenopus oocytes. J Neurochem 2005;92:1033-
1043. 

(39) Drury AN, Szent-Gyorgyi A. The physiological activity of adenine compounds with especial 
reference to their action upon the mammalian heart. J Physiol 1929;68:213-237. 

(40) Burnstock G. Purinergic receptors. J Theor Biol 1976;62:491-503. 

(41) Burnstock G. Purine and pyrimidine receptors. Cell Mol Life Sci 2007;64:1471-1483. 

(42) Olah ME, Stiles GL. The role of receptor structure in determining adenosine receptor activity. 
Pharmacol Ther 2000;85:55-75. 

(43) Gracia E, Moreno E, Cortes A, Lluis C, Mallol J, McCormick PJ, Canela EI, Casado V. Ho-
modimerization of adenosine A(1) receptors in brain cortex explains the biphasic effects of caffeine. 
Neuropharmacology 2013;71:56-69. 

(44) Ciruela F, Ferre S, Casado V, Cortes A, Cunha RA, Lluis C, Franco R. Heterodimeric adeno-
sine receptors: a device to regulate neurotransmitter release. Cell Mol Life Sci 2006;63:2427-2431. 

(45) Chandrasekera PC, Wan TC, Gizewski ET, Auchampach JA, Lasley RD. Adenosine A1 recep-
tors heterodimerize with beta1- and beta2-adrenergic receptors creating novel receptor complexes 
with altered G protein coupling and signaling. Cell Signal 2013;25:736-742. 



�����������

�>:�

(46) Nicke A, Baumert HG, Rettinger J, Eichele A, Lambrecht G, Mutschler E, Schmalzing G. 
P2X1 and P2X3 receptors form stable trimers: a novel structural motif of ligand-gated ion channels. 
EMBO J 1998;17:3016-3028. 

(47) Townsend-Nicholson A, King BF, Wildman SS, Burnstock G. Molecular cloning, functional 
characterization and possible cooperativity between the murine P2X4 and P2X4a receptors. Brain 
Res Mol Brain Res 1999;64:246-254. 

(48) Koshimizu TA, Van Goor F, Tomic M, Wong AO, Tanoue A, Tsujimoto G, Stojilkovic SS. 
Characterization of calcium signaling by purinergic receptor-channels expressed in excitable cells. 
Mol Pharmacol 2000;58:936-945. 

(49) Abbracchio MP, Boeynaems JM, Barnard EA, Boyer JL, Kennedy C, Miras-Portugal MT, 
King BF, Gachet C, Jacobson KA, Weisman GA, Burnstock G. Characterization of the UDP-
glucose receptor (re-named here the P2Y14 receptor) adds diversity to the P2Y receptor family. 
Trends Pharmacol Sci 2003;24:52-55. 

(50) Abbracchio MP, Burnstock G, Boeynaems JM, Barnard EA, Boyer JL, Kennedy C, Knight 
GE, Fumagalli M, Gachet C, Jacobson KA, Weisman GA. International Union of Pharmacology 
LVIII: update on the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and 
pathophysiology to therapy. Pharmacol Rev 2006;58:281-341. 

(51) Choi RC, Simon J, Tsim KW, Barnard EA. Constitutive and agonist-induced dimerizations of 
the P2Y1 receptor: relationship to internalization and scaffolding. J Biol Chem 2008;283:11050-
11063. 

(52) Ecke D, Hanck T, Tulapurkar ME, Schafer R, Kassack M, Stricker R, Reiser G. Hetero-
oligomerization of the P2Y11 receptor with the P2Y1 receptor controls the internalization and lig-
and selectivity of the P2Y11 receptor. Biochem J 2008;409:107-116. 

(53) Yoshioka K, Saitoh O, Nakata H. Agonist-promoted heteromeric oligomerization between 
adenosine A(1) and P2Y(1) receptors in living cells. FEBS Lett 2002;523:147-151. 

(54) Vial C, Rolf MG, Mahaut-Smith MP, Evans RJ. A study of P2X1 receptor function in murine 
megakaryocytes and human platelets reveals synergy with P2Y receptors. Br J Pharmacol 
2002;135:363-372. 

(55) Vial C, Tobin AB, Evans RJ. G-protein-coupled receptor regulation of P2X1 receptors does 
not involve direct channel phosphorylation. Biochem J 2004;382:101-110. 

(56) Lee HK, Ro S, Keef KD, Kim YH, Kim HW, Horowitz B, Sanders KM. Differential expres-
sion of P2X-purinoceptor subtypes in circular and longitudinal muscle of canine colon. Neurogas-
troenterol Motil 2005;17:575-584. 

(57) Szucs A, Szappanos H, Toth A, Farkas Z, Panyi G, Csernoch L, Sziklai I. Differential expres-
sion of purinergic receptor subtypes in the outer hair cells of the guinea pig. Hear Res 2004;196:2-
7. 

(58) Dixon AK, Gubitz AK, Sirinathsinghji DJ, Richardson PJ, Freeman TC. Tissue distribution of 
adenosine receptor mRNAs in the rat. Br J Pharmacol 1996;118:1461-1468. 



�����������

�>;�

(59) Wang L, Karlsson L, Moses S, Hultgardh-Nilsson A, Andersson M, Borna C, Gudbjartsson T, 
Jern S, Erlinge D. P2 receptor expression profiles in human vascular smooth muscle and endothelial 
cells. J Cardiovasc Pharmacol 2002;40:841-853. 

(60) Schicker K, Hussl S, Chandaka GK, Kosenburger K, Yang JW, Waldhoer M, Sitte HH, Boehm 
S. A membrane network of receptors and enzymes for adenine nucleotides and nucleosides. Bio-
chim Biophys Acta 2009;1793:325-334. 

(61) Kauffenstein G, Furstenau CR, D'Orleans-Juste P, Sevigny J. The ecto-nucleotidase NTPDase1 
differentially regulates P2Y1 and P2Y2 receptor-dependent vasorelaxation. Br J Pharmacol 
2010;159:576-585. 

(62) Zimmermann H, Zebisch M, Strater N. Cellular function and molecular structure of ecto-
nucleotidases. Purinergic Signal 2012;8:437-502. 

(63) Kukulski F, Levesque SA, Lavoie EG, Lecka J, Bigonnesse F, Knowles AF, Robson SC, 
Kirley TL, Sevigny J. Comparative hydrolysis of P2 receptor agonists by NTPDases 1, 2, 3 and 8. 
Purinergic Signal 2005;1:193-204. 

(64) Yegutkin GG. Enzymes involved in metabolism of extracellular nucleotides and nucleosides: 
functional implications and measurement of activities. Crit Rev Biochem Mol Biol 2014;49:473-
497. 

(65) Stout JG, Kirley TL. Control of cell membrane ecto-ATPase by oligomerization state: intermo-
lecular cross-linking modulates ATPase activity. Biochemistry 1996;35:8289-8298. 

(66) Robson SC, Sevigny J, Zimmermann H. The E-NTPDase family of ectonucleotidases: Struc-
ture function relationships and pathophysiological significance. Purinergic Signal 2006;2:409-430. 

(67) Sevigny J, Sundberg C, Braun N, Guckelberger O, Csizmadia E, Qawi I, Imai M, Zimmermann 
H, Robson SC. Differential catalytic properties and vascular topography of murine nucleoside tri-
phosphate diphosphohydrolase 1 (NTPDase1) and NTPDase2 have implications for thromboregula-
tion. Blood 2002;99:2801-2809. 

(68) Kishore BK, Isaac J, Fausther M, Tripp SR, Shi H, Gill PS, Braun N, Zimmermann H, Sevigny 
J, Robson SC. Expression of NTPDase1 and NTPDase2 in murine kidney: relevance to regulation 
of P2 receptor signaling. Am J Physiol Renal Physiol 2005;288:F1032-43. 

(69) Stefan C, Jansen S, Bollen M. Modulation of purinergic signaling by NPP-type ectophos-
phodiesterases. Purinergic Signal 2006;2:361-370. 

(70) Jansen S, Perrakis A, Ulens C, Winkler C, Andries M, Joosten RP, Van Acker M, Luyten FP, 
Moolenaar WH, Bollen M. Structure of NPP1, an ectonucleotide pyrophospha-
tase/phosphodiesterase involved in tissue calcification. Structure 2012;20:1948-1959. 

(71) Helenius M, Jalkanen S, Yegutkin GG. Enzyme-coupled assays for simultaneous detection of 
nanomolar ATP, ADP, AMP, adenosine, inosine and pyrophosphate concentrations in extracellular 
fluids. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 2012;1823:1967-1975. 

(72) Goding JW, Grobben B, Slegers H. Physiological and pathophysiological functions of the ecto-
nucleotide pyrophosphatase/phosphodiesterase family. Biochim Biophys Acta 2003;1638:1-19. 



�����������

�><�

(73) Frittitta L, Camastra S, Baratta R, Costanzo BV, D'Adamo M, Graci S, Spampinato D, Maddux 
BA, Vigneri R, Ferrannini E, Trischitta V. A soluble PC-1 circulates in human plasma: relationship 
with insulin resistance and associated abnormalities. J Clin Endocrinol Metab 1999;84:3620-3625. 

(74) Colgan SP, Eltzschig HK, Eckle T, Thompson LF. Physiological roles for ecto-5'-nucleotidase 
(CD73). Purinergic Signal 2006;2:351-360. 

(75) Zimmermann H. 5'-Nucleotidase: molecular structure and functional aspects. Biochem J 
1992;285 ( Pt 2):345-365. 

(76) Pearson JD, Carleton JS, Gordon JL. Metabolism of adenine nucleotides by ectoenzymes of 
vascular endothelial and smooth-muscle cells in culture. Biochem J 1980;190:421-429. 

(77) DePierre JW, Karnovsky ML. Ecto-enzyme of granulocytes: 5'-nucleotidase. Science 
1974;183:1096-1098. 

(78) Yegutkin GG, Samburski SS, Mortensen SP, Jalkanen S, Gonzalez-Alonso J. Intravascular 
ADP and soluble nucleotidases contribute to acute prothrombotic state during vigorous exercise in 
humans. J Physiol 2007;579:553-564. 

(79) Zernecke A, Bidzhekov K, Ozuyaman B, Fraemohs L, Liehn EA, Luscher-Firzlaff JM, 
Luscher B, Schrader J, Weber C. CD73/ecto-5'-nucleotidase protects against vascular inflammation 
and neointima formation. Circulation 2006;113:2120-2127. 

(80) Koszalka P, Ozuyaman B, Huo Y, Zernecke A, Flogel U, Braun N, Buchheiser A, Decking 
UK, Smith ML, Sevigny J, Gear A, Weber AA, Molojavyi A, Ding Z, Weber C, Ley K, Zimmer-
mann H, Godecke A, Schrader J. Targeted disruption of cd73/ecto-5'-nucleotidase alters thrombo-
regulation and augments vascular inflammatory response. Circ Res 2004;95:814-821. 

(81) Hasegawa T, Bouis D, Liao H, Visovatti SH, Pinsky DJ. Ecto-5' nucleotidase (CD73)-
mediated adenosine generation and signaling in murine cardiac allograft vasculopathy. Circ Res 
2008;103:1410-1421. 

(82) Nakazato H, Deguchi M, Fujimoto M, Fukushima H. Alkaline phosphatase expression in cul-
tured endothelial cells of aorta and brain microvessels: induction by interleukin-6-type cytokines 
and suppression by transforming growth factor betas. Life Sci 1997;61:2065-2072. 

(83) Gallo RL, Dorschner RA, Takashima S, Klagsbrun M, Eriksson E, Bernfield M. Endothelial 
cell surface alkaline phosphatase activity is induced by IL-6 released during wound repair. J Invest 
Dermatol 1997;109:597-603. 

(84) Lee HL, Woo KM, Ryoo HM, Baek JH. Tumor necrosis factor-alpha increases alkaline phos-
phatase expression in vascular smooth muscle cells via MSX2 induction. Biochem Biophys Res 
Commun 2010;391:1087-1092. 

(85) PATWARDHAN VN, RANGANATHAN S. Alkaline phosphatase in erythrocytes. Curr Sci 
1947;16:59. 

(86) Miller DM, Yang A, Liepman M. Evidence for two isozymes of leukocyte alkaline phospha-
tase in leukemic leukocytes. Am J Hematol 1985;18:159-169. 



�����������

�>=�

(87) Heinemann DE, Siggelkow H, Ponce LM, Viereck V, Wiese KG, Peters JH. Alkaline phospha-
tase expression during monocyte differentiation. Overlapping markers as a link between monocytic 
cells, dendritic cells, osteoclasts and osteoblasts. Immunobiology 2000;202:68-81. 

(88) Anh DJ, Eden A, Farley JR. Quantitation of soluble and skeletal alkaline phosphatase, and 
insoluble alkaline phosphatase anchor-hydrolase activities in human serum. Clin Chim Acta 
2001;311:137-148. 

(89) Quintero IB, Araujo CL, Pulkka AE, Wirkkala RS, Herrala AM, Eskelinen EL, Jokitalo E, 
Hellstrom PA, Tuominen HJ, Hirvikoski PP, Vihko PT. Prostatic acid phosphatase is not a prostate 
specific target. Cancer Res 2007;67:6549-6554. 

(90) Zimmermann H. Prostatic acid phosphatase, a neglected ectonucleotidase. Purinergic Signal 
2009;5:273-275. 

(91) Yegutkin GG, Henttinen T, Jalkanen S. Extracellular ATP formation on vascular endothelial 
cells is mediated by ecto-nucleotide kinase activities via phosphotransfer reactions. FASEB J 
2001;15:251-260. 

(92) Yegutkin GG, Henttinen T, Samburski SS, Spychala J, Jalkanen S. The evidence for two oppo-
site, ATP-generating and ATP-consuming, extracellular pathways on endothelial and lymphoid 
cells. Biochem J 2002;367:121-128. 

(93) Yegutkin GG, Samburski SS, Jalkanen S. Soluble purine-converting enzymes circulate in hu-
man blood and regulate extracellular ATP level via counteracting pyrophosphatase and phos-
photransfer reactions. FASEB J 2003;17:1328-1330. 

(94) Fu Y, Hou Y, Fu C, Gu M, Li C, Kong W, Wang X, Shyy JY, Zhu Y. A novel mechanism of 
gamma/delta T-lymphocyte and endothelial activation by shear stress: the role of ecto-ATP syn-
thase beta chain. Circ Res 2011;108:410-417. 

(95) Arakaki N, Nagao T, Niki R, Toyofuku A, Tanaka H, Kuramoto Y, Emoto Y, Shibata H, Ma-
gota K, Higuti T. Possible role of cell surface H+ -ATP synthase in the extracellular ATP synthesis 
and proliferation of human umbilical vein endothelial cells. Mol Cancer Res 2003;1:931-939. 

(96) Champagne E, Martinez LO, Collet X, Barbaras R. Ecto-F1Fo ATP synthase/F1 ATPase: met-
abolic and immunological functions. Curr Opin Lipidol 2006;17:279-284. 

(97) Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular biology of the cell. : 
Garland Science; 2008. 

(98) Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J. Vascular-specific 
growth factors and blood vessel formation. Nature 2000;407:242-248. 

(99) Andreas B. Encyclopedic reference of vascular biology & pathology. Heidelberg, Germany: 
Springer; 2000. 

(100) Luttun A, Carmeliet G, Carmeliet P. Vascular progenitors: from biology to treatment. Trends 
Cardiovasc Med 2002;12:88-96. 

(101) Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfaillie CM. Origin of endothelial 
progenitors in human postnatal bone marrow. J Clin Invest 2002;109:337-346. 



�����������

�>>�

(102) Werb Z, Vu TH, Rinkenberger JL, Coussens LM. Matrix-degrading proteases and angiogene-
sis during development and tumor formation. APMIS 1999;107:11-18. 

(103) Carmeliet P. Angiogenesis in health and disease. Nat Med 2003;9:653-660. 

(104) Eriksson U, Alitalo K. Structure, expression and receptor-binding properties of novel vascular 
endothelial growth factors. Curr Top Microbiol Immunol 1999;237:41-57. 

(105) Breier G, Albrecht U, Sterrer S, Risau W. Expression of vascular endothelial growth factor 
during embryonic angiogenesis and endothelial cell differentiation. Development 1992;114:521-
532. 

(106) Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor signalling - in control 
of vascular function. Nat Rev Mol Cell Biol 2006;7:359-371. 

(107) Schmidinger M. Understanding and managing toxicities of vascular endothelial growth factor 
(VEGF) inhibitors. EJC Suppl 2013;11:172-191. 

(108) Keefe D, Bowen J, Gibson R, Tan T, Okera M, Stringer A. Noncardiac vascular toxicities of 
vascular endothelial growth factor inhibitors in advanced cancer: a review. Oncologist 2011;16:432-
444. 

(109) Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, Fujiwara Y, Gendron-Maguire M, 
Gridley T, Wolburg H, Risau W, Qin Y. Distinct roles of the receptor tyrosine kinases Tie-1 and 
Tie-2 in blood vessel formation. Nature 1995;376:70-74. 

(110) Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med 2000;6:389-395. 

(111) Gale NW, Yancopoulos GD. Growth factors acting via endothelial cell-specific receptor tyro-
sine kinases: VEGFs, angiopoietins, and ephrins in vascular development. Genes Dev 
1999;13:1055-1066. 

(112) Wang HU, Chen ZF, Anderson DJ. Molecular distinction and angiogenic interaction between 
embryonic arteries and veins revealed by ephrin-B2 and its receptor Eph-B4. Cell 1998;93:741-753. 

(113) Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic aspects of angiogenesis. Cell 
2011;146:873-887. 

(114) Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A, Abramsson A, Jeltsch M, 
Mitchell C, Alitalo K, Shima D, Betsholtz C. VEGF guides angiogenic sprouting utilizing endothe-
lial tip cell filopodia. J Cell Biol 2003;161:1163-1177. 

(115) Suchting S, Freitas C, le Noble F, Benedito R, Breant C, Duarte A, Eichmann A. The Notch 
ligand Delta-like 4 negatively regulates endothelial tip cell formation and vessel branching. Proc 
Natl Acad Sci U S A 2007;104:3225-3230. 

(116) Williams CK, Li JL, Murga M, Harris AL, Tosato G. Up-regulation of the Notch ligand Del-
ta-like 4 inhibits VEGF-induced endothelial cell function. Blood 2006;107:931-939. 

(117) Strilic B, Kucera T, Eglinger J, Hughes MR, McNagny KM, Tsukita S, Dejana E, Ferrara N, 
Lammert E. The molecular basis of vascular lumen formation in the developing mouse aorta. Dev 
Cell 2009;17:505-515. 



�����������

�>?�

(118) Burri PH, Hlushchuk R, Djonov V. Intussusceptive angiogenesis: its emergence, its character-
istics, and its significance. Dev Dyn 2004;231:474-488. 

(119) Lewis JS, Lee JA, Underwood JC, Harris AL, Lewis CE. Macrophage responses to hypoxia: 
relevance to disease mechanisms. J Leukoc Biol 1999;66:889-900. 

(120) Hulten LM, Levin M. The role of hypoxia in atherosclerosis. Curr Opin Lipidol 2009;20:409-
414. 

(121) Rodriguez PG, Felix FN, Woodley DT, Shim EK. The role of oxygen in wound healing: a 
review of the literature. Dermatol Surg 2008;34:1159-1169. 

(122) Johnson AB, Denko N, Barton MC. Hypoxia induces a novel signature of chromatin modifi-
cations and global repression of transcription. Mutat Res 2008;640:174-179. 

(123) Manalo DJ, Rowan A, Lavoie T, Natarajan L, Kelly BD, Ye SQ, Garcia JG, Semenza GL. 
Transcriptional regulation of vascular endothelial cell responses to hypoxia by HIF-1. Blood 
2005;105:659-669. 

(124) Seagroves TN, Ryan HE, Lu H, Wouters BG, Knapp M, Thibault P, Laderoute K, Johnson 
RS. Transcription factor HIF-1 is a necessary mediator of the pasteur effect in mammalian cells. 
Mol Cell Biol 2001;21:3436-3444. 

(125) Zhang H, Gao P, Fukuda R, Kumar G, Krishnamachary B, Zeller KI, Dang CV, Semenza GL. 
HIF-1 inhibits mitochondrial biogenesis and cellular respiration in VHL-deficient renal cell carci-
noma by repression of C-MYC activity. Cancer Cell 2007;11:407-420. 

(126) Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1 is a basic-helix-loop-
helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U S A 1995;92:5510-
5514. 

(127) Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriguez AM, Schu-
macker PT. Reactive oxygen species generated at mitochondrial complex III stabilize hypoxia-
inducible factor-1alpha during hypoxia: a mechanism of O2 sensing. J Biol Chem 2000;275:25130-
25138. 

(128) Mansfield KD, Guzy RD, Pan Y, Young RM, Cash TP, Schumacker PT, Simon MC. Mito-
chondrial dysfunction resulting from loss of cytochrome c impairs cellular oxygen sensing and hy-
poxic HIF-alpha activation. Cell Metab 2005;1:393-399. 

(129) Cummins EP, Taylor CT. Hypoxia-responsive transcription factors. Pflugers Arch 
2005;450:363-371. 

(130) Takemoto M, Sun J, Hiroki J, Shimokawa H, Liao JK. Rho-kinase mediates hypoxia-induced 
downregulation of endothelial nitric oxide synthase. Circulation 2002;106:57-62. 

(131) Bodin P, Burnstock G. Synergistic effect of acute hypoxia on flow-induced release of ATP 
from cultured endothelial cells. Experientia 1995;51:256-259. 

(132) Burnstock G. Release of vasoactive substances from endothelial cells by shear stress and pu-
rinergic mechanosensory transduction. J Anat 1999;194 ( Pt 3):335-342. 



�����������

�>@�

(133) Nizet V, Johnson RS. Interdependence of hypoxic and innate immune responses. Nat Rev 
Immunol 2009;9:609-617. 

(134) Cramer T, Yamanishi Y, Clausen BE, Forster I, Pawlinski R, Mackman N, Haase VH, Jae-
nisch R, Corr M, Nizet V, Firestein GS, Gerber HP, Ferrara N, Johnson RS. HIF-1alpha is essential 
for myeloid cell-mediated inflammation. Cell 2003;112:645-657. 

(135) van Uden P, Kenneth NS, Rocha S. Regulation of hypoxia-inducible factor-1alpha by NF-
kappaB. Biochem J 2008;412:477-484. 

(136) Belaiba RS, Bonello S, Zahringer C, Schmidt S, Hess J, Kietzmann T, Gorlach A. Hypoxia 
up-regulates hypoxia-inducible factor-1alpha transcription by involving phosphatidylinositol 3-
kinase and nuclear factor kappaB in pulmonary artery smooth muscle cells. Mol Biol Cell 
2007;18:4691-4697. 

(137) Scortegagna M, Cataisson C, Martin RJ, Hicklin DJ, Schreiber RD, Yuspa SH, Arbeit JM. 
HIF-1alpha regulates epithelial inflammation by cell autonomous NFkappaB activation and para-
crine stromal remodeling. Blood 2008;111:3343-3354. 

(138) Walmsley SR, Print C, Farahi N, Peyssonnaux C, Johnson RS, Cramer T, Sobolewski A, 
Condliffe AM, Cowburn AS, Johnson N, Chilvers ER. Hypoxia-induced neutrophil survival is me-
diated by HIF-1alpha-dependent NF-kappaB activity. J Exp Med 2005;201:105-115. 

(139) Safronova O, Morita I. Transcriptome remodeling in hypoxic inflammation. J Dent Res 
2010;89:430-444. 

(140) Stenmark KR, Fagan KA, Frid MG. Hypoxia-induced pulmonary vascular remodeling: cellu-
lar and molecular mechanisms. Circ Res 2006;99:675-691. 

(141) Robson SC, Wu Y, Sun X, Knosalla C, Dwyer K, Enjyoji K. Ectonucleotidases of CD39 fam-
ily modulate vascular inflammation and thrombosis in transplantation. Semin Thromb Hemost 
2005;31:217-233. 

(142) Weber KT. Targeting pathological remodeling: concepts of cardioprotection and reparation. 
Circulation 2000;102:1342-1345. 

(143) Skilton MR, Boussel L, Bonnet F, Bernard S, Douek PC, Moulin P, Serusclat A. Carotid in-
tima-media and adventitial thickening: comparison of new and established ultrasound and magnetic 
resonance imaging techniques. Atherosclerosis 2011;215:405-410. 

(144) Morrell NW, Adnot S, Archer SL, Dupuis J, Jones PL, MacLean MR, McMurtry IF, Sten-
mark KR, Thistlethwaite PA, Weissmann N, Yuan JX, Weir EK. Cellular and molecular basis of 
pulmonary arterial hypertension. J Am Coll Cardiol 2009;54:S20-31. 

(145) Voelkel NF, Tuder RM. Hypoxia-induced pulmonary vascular remodeling: a model for what 
human disease? J Clin Invest 2000;106:733-738. 

(146) Hoeper MM. Definition, classification, and epidemiology of pulmonary arterial hypertension. 
Semin Respir Crit Care Med 2009;30:369-375. 

(147) ARIAS-STELLA J, SALDANA M. The Terminal Portion of the Pulmonary Arterial Tree in 
People Native to High Altitudes. Circulation 1963;28:915-925. 



�����������

�>A�

(148) Rabinovitch M. Molecular pathogenesis of pulmonary arterial hypertension. J Clin Invest 
2008;118:2372-2379. 

(149) Yu XM, Wang L, Li JF, Liu J, Li J, Wang W, Wang J, Wang C. Wnt5a inhibits hypoxia-
induced pulmonary arterial smooth muscle cell proliferation by downregulation of beta-catenin. Am 
J Physiol Lung Cell Mol Physiol 2013;304:L103-11. 

(150) Meyrick B, Reid L. Hypoxia-induced structural changes in the media and adventitia of the rat 
hilar pulmonary artery and their regression. Am J Pathol 1980;100:151-178. 

(151) Meyrick B, Reid L. Endothelial and subintimal changes in rat hilar pulmonary artery during 
recovery from hypoxia. A quantitative ultrastructural study. Lab Invest 1980;42:603-615. 

(152) Miyata K, Oike Y, Hoshii T, Maekawa H, Ogawa H, Suda T, Araki K, Yamamura K. In-
crease of smooth muscle cell migration and of intimal hyperplasia in mice lacking the alpha/beta 
hydrolase domain containing 2 gene. Biochem Biophys Res Commun 2005;329:296-304. 

(153) Tajsic T, Morrell NW. Smooth muscle cell hypertrophy, proliferation, migration and apopto-
sis in pulmonary hypertension. Compr Physiol 2011;1:295-317. 

(154) Distler JH, Jungel A, Pileckyte M, Zwerina J, Michel BA, Gay RE, Kowal-Bielecka O, 
Matucci-Cerinic M, Schett G, Marti HH, Gay S, Distler O. Hypoxia-induced increase in the produc-
tion of extracellular matrix proteins in systemic sclerosis. Arthritis Rheum 2007;56:4203-4215. 

(155) Botto L, Beretta E, Daffara R, Miserocchi G, Palestini P. Biochemical and morphological 
changes in endothelial cells in response to hypoxic interstitial edema. Respir Res 2006;7:7. 

(156) Khoury J, Langleben D. Platelet-activating factor stimulates lung pericyte growth in vitro. Am 
J Physiol 1996;270:L298-304. 

(157) Sartore S, Chiavegato A, Faggin E, Franch R, Puato M, Ausoni S, Pauletto P. Contribution of 
adventitial fibroblasts to neointima formation and vascular remodeling: from innocent bystander to 
active participant. Circ Res 2001;89:1111-1121. 

(158) Frid MG, Brunetti JA, Burke DL, Carpenter TC, Davie NJ, Reeves JT, Roedersheimer MT, 
van Rooijen N, Stenmark KR. Hypoxia-induced pulmonary vascular remodeling requires recruit-
ment of circulating mesenchymal precursors of a monocyte/macrophage lineage. Am J Pathol 
2006;168:659-669. 

(159) Burnstock G. Purinergic nerves. Pharmacol Rev 1972;24:509-581. 

(160) Burnstock G. Vessel tone and remodeling. Nat Med 2006;12:16-17. 

(161) Bodin P, Burnstock G. ATP-stimulated release of ATP by human endothelial cells. J Cardio-
vasc Pharmacol 1996;27:872-875. 

(162) Haynes J,Jr, Obiako B, Thompson WJ, Downey J. Adenosine-induced vasodilation: receptor 
characterization in pulmonary circulation. Am J Physiol 1995;268:H1862-8. 

(163) Romer LH, McLean N, Turner CE, Burridge K. Tyrosine kinase activity, cytoskeletal organi-
zation, and motility in human vascular endothelial cells. Mol Biol Cell 1994;5:349-361. 



�����������

�?8�

(164) Richardson A, Parsons T. A mechanism for regulation of the adhesion-associated proteintyro-
sine kinase pp125FAK. Nature 1996;380:538-540. 

(165) Kaczmarek E, Erb L, Koziak K, Jarzyna R, Wink MR, Guckelberger O, Blusztajn JK, Trin-
kaus-Randall V, Weisman GA, Robson SC. Modulation of endothelial cell migration by extracellu-
lar nucleotides: involvement of focal adhesion kinase and phosphatidylinositol 3-kinase-mediated 
pathways. Thromb Haemost 2005;93:735-742. 

(166) Gerasimovskaya E, Kaczmarek E. Extracellular ATP and adenosine as regulators of endothe-
lial cell function : implications for health and disease. Dordrecht: Springer; cop. 2010. 

(167) Bagchi S, Liao Z, Gonzalez FA, Chorna NE, Seye CI, Weisman GA, Erb L. The P2Y2 nucle-
otide receptor interacts with alphav integrins to activate Go and induce cell migration. J Biol Chem 
2005;280:39050-39057. 

(168) Burnstock G. Purinergic regulation of vascular tone and remodelling. Auton Autacoid Phar-
macol 2009;29:63-72. 

(169) Yegutkin GG, Helenius M, Kaczmarek E, Burns N, Jalkanen S, Stenmark K, Gerasimovskaya 
EV. Chronic hypoxia impairs extracellular nucleotide metabolism and barrier function in pulmonary 
artery vasa vasorum endothelial cells. Angiogenesis 2011;14:503-513. 

(170) Helenius MH, Vattulainen S, Orcholski M, Aho J, Komulainen A, Taimen P, Wang L, de 
Jesus Perez VA, Koskenvuo JW, Alastalo TP. Suppression of endothelial CD39/ENTPD1 is associ-
ated with pulmonary vascular remodeling in pulmonary arterial hypertension. Am J Physiol Lung 
Cell Mol Physiol 2015:ajplung.00340.2014. 

(171) Mallat Z, Tedgui A. Apoptosis in the vasculature: mechanisms and functional importance. Br 
J Pharmacol 2000;130:947-962. 

(172) Dubey RK, Gillespie DG, Osaka K, Suzuki F, Jackson EK. Adenosine inhibits growth of rat 
aortic smooth muscle cells. Possible role of A2b receptor. Hypertension 1996;27:786-793. 

(173) Erlinge D. Extracellular ATP: a growth factor for vascular smooth muscle cells. Gen Phar-
macol 1998;31:1-8. 

(174) Wang DJ, Huang NN, Heppel LA. Extracellular ATP and ADP stimulate proliferation of 
porcine aortic smooth muscle cells. J Cell Physiol 1992;153:221-233. 

(175) Idzko M, Ferrari D, Riegel AK, Eltzschig HK. Extracellular nucleotide and nucleoside signal-
ing in vascular and blood disease. Blood 2014;124:1029-1037. 

(176) Eckle T, Grenz A, Laucher S, Eltzschig HK. A2B adenosine receptor signaling attenuates 
acute lung injury by enhancing alveolar fluid clearance in mice. J Clin Invest 2008;118:3301-3315. 

(177) Eckle T, Faigle M, Grenz A, Laucher S, Thompson LF, Eltzschig HK. A2B adenosine recep-
tor dampens hypoxia-induced vascular leak. Blood 2008;111:2024-2035. 

(178) Sitkovsky MV, Lukashev D, Apasov S, Kojima H, Koshiba M, Caldwell C, Ohta A, Thiel M. 
Physiological control of immune response and inflammatory tissue damage by hypoxia-inducible 
factors and adenosine A2A receptors. Annu Rev Immunol 2004;22:657-682. 



�����������

�?9�

(179) Burnstock G. Purinergic signalling. Br J Pharmacol 2006;147 Suppl 1:S172-81. 

(180) Montiel M, de la Blanca EP, Jimenez E. P2Y receptors activate MAPK/ERK through a path-
way involving PI3K/PDK1/PKC-zeta in human vein endothelial cells. Cell Physiol Biochem 
2006;18:123-134. 

(181) Buvinic S, Poblete MI, Donoso MV, Delpiano AM, Briones R, Miranda R, Huidobro-Toro 
JP. P2Y1 and P2Y2 receptor distribution varies along the human placental vascular tree: role of 
nucleotides in vascular tone regulation. J Physiol 2006;573:427-443. 

(182) Stevens T, Phan S, Frid MG, Alvarez D, Herzog E, Stenmark KR. Lung vascular cell hetero-
geneity: endothelium, smooth muscle, and fibroblasts. Proc Am Thorac Soc 2008;5:783-791. 

(183) Escudero C, Sobrevia L. A hypothesis for preeclampsia: adenosine and inducible nitric oxide 
synthase in human placental microvascular endothelium. Placenta 2008;29:469-483. 

(184) Burnstock G, Ralevic V. Purinergic signaling and blood vessels in health and disease. Phar-
macol Rev 2013;66:102-192. 

(185) Goepfert C, Sundberg C, Sevigny J, Enjyoji K, Hoshi T, Csizmadia E, Robson S. Disordered 
cellular migration and angiogenesis in cd39-null mice. Circulation 2001;104:3109-3115. 

(186) Brook MM, Fineman JR, Bolinger AM, Wong AF, Heymann MA, Soifer SJ. Use of ATP-
MgCl2 in the evaluation and treatment of children with pulmonary hypertension secondary to con-
genital heart defects. Circulation 1994;90:1287-1293. 

(187) Inbar S, Schrader BJ, Kaufmann E, Vestal RE, Rich S. Effects of adenosine in combination 
with calcium channel blockers in patients with primary pulmonary hypertension. J Am Coll Cardiol 
1993;21:413-418. 

(188) Konduri GG. Systemic and myocardial effects of ATP and adenosine during hypoxic pulmo-
nary hypertension in lambs. Pediatr Res 1994;36:41-48. 

(189) Tan JX, Huang XL, Wang B, Fang X, Huang DN. Adenosine receptors agonists mitigated 
PAH of rats induced by chronic hypoxia through reduction of renin activity/angiotensin II levels 
and increase of inducible nitric oxide synthase-nitric oxide levels. Zhonghua Er Ke Za Zhi 
2012;50:782-787. 

(190) Saadjian AY, Paganelli F, Gaubert ML, Levy S, Guieu RP. Adenosine plasma concentration 
in pulmonary hypertension. Cardiovasc Res 1999;43:228-236. 

(191) Zhang S, Remillard CV, Fantozzi I, Yuan JX. ATP-induced mitogenesis is mediated by cyclic 
AMP response element-binding protein-enhanced TRPC4 expression and activity in human pulmo-
nary artery smooth muscle cells. Am J Physiol Cell Physiol 2004;287:1192-1201. 

(192) Jacobson JR, Dudek SM, Singleton PA, Kolosova IA, Verin AD, Garcia JG. Endothelial cell 
barrier enhancement by ATP is mediated by the small GTPase Rac and cortactin. Am J Physiol 
Lung Cell Mol Physiol 2006;291:L289-95. 

(193) Lu Q, Sakhatskyy P, Newton J, Shamirian P, Hsiao V, Curren S, Gabino Miranda GA, Ped-
roza M, Blackburn MR, Rounds S. Sustained adenosine exposure causes lung endothelial apoptosis: 



�����������

�?:�

a possible contributor to cigarette smoke-induced endothelial apoptosis and lung injury. Am J Phys-
iol Lung Cell Mol Physiol 2013;304:L361-70. 

(194) Woulfe D, Yang J, Brass L. ADP and platelets: the end of the beginning. J Clin Invest 
2001;107:1503-1505. 

(195) Chaouat A, Weitzenblum E, Higenbottam T. The role of thrombosis in severe pulmonary 
hypertension. Eur Respir J 1996;9:356-363. 

(196) Hill SJ, Faber HV, Cannon CP, Armani A, editors. Pulmonary Hypertension. NJ, USA: Hu-
mana Press; 2008. 

(197) Simonneau G, Gatzoulis MA, Adatia I, Celermajer D, Denton C, Ghofrani A, Gomez Sanchez 
MA, Krishna Kumar R, Landzberg M, Machado RF, Olschewski H, Robbins IM, Souza R. Updated 
clinical classification of pulmonary hypertension. J Am Coll Cardiol 2013;62:D34-41. 

(198) Montani D, Gunther S, Dorfmuller P, Perros F, Girerd B, Garcia G, Jais X, Savale L, Artaud-
Macari E, Price LC, Humbert M, Simonneau G, Sitbon O. Pulmonary arterial hypertension. Or-
phanet J Rare Dis 2013;8:97-1172-8-97. 

(199) Hoeper MM, Bogaard HJ, Condliffe R, Frantz R, Khanna D, Kurzyna M, Langleben D, Ma-
nes A, Satoh T, Torres F, Wilkins MR, Badesch DB. Definitions and diagnosis of pulmonary hyper-
tension. J Am Coll Cardiol 2013;62:D42-50. 

(200) Rudarakanchana N, Trembath RC, Morrell NW. New insights into the pathogenesis and 
treatment of primary pulmonary hypertension. Thorax 2001;56:888-890. 

(201) Agarwal R, Gomberg-Maitland M. Current therapeutics and practical management strategies 
for pulmonary arterial hypertension. Am Heart J 2011;162:201-213. 

(202) Kim J. Apelin-APJ signaling: a potential therapeutic target for pulmonary arterial hyperten-
sion. Mol Cells 2014;37:196-201. 

(203) Rabinovitch M. Pathobiology of pulmonary hypertension. Annu Rev Pathol 2007;2:369-399. 

(204) Humbert M, Morrell NW, Archer SL, Stenmark KR, MacLean MR, Lang IM, Christman BW, 
Weir EK, Eickelberg O, Voelkel NF, Rabinovitch M. Cellular and molecular pathobiology of pul-
monary arterial hypertension. J Am Coll Cardiol 2004;43:13S-24S. 

(205) Jeffery TK, Morrell NW. Molecular and cellular basis of pulmonary vascular remodeling in 
pulmonary hypertension. Prog Cardiovasc Dis 2002;45:173-202. 

(206) Budhiraja R, Tuder RM, Hassoun PM. Endothelial dysfunction in pulmonary hypertension. 
Circulation 2004;109:159-165. 

(207) Urist MR, DeLange RJ, Finerman GA. Bone cell differentiation and growth factors. Science 
1983;220:680-686. 

(208) International PPH Consortium, Lane KB, Machado RD, Pauciulo MW, Thomson JR, Phillips 
JA,3rd, Loyd JE, Nichols WC, Trembath RC. Heterozygous germline mutations in BMPR2, encod-
ing a TGF-beta receptor, cause familial primary pulmonary hypertension. Nat Genet 2000;26:81-84. 



�����������

�?;�

(209) Deng Z, Morse JH, Slager SL, Cuervo N, Moore KJ, Venetos G, Kalachikov S, Cayanis E, 
Fischer SG, Barst RJ, Hodge SE, Knowles JA. Familial primary pulmonary hypertension (gene 
PPH1) is caused by mutations in the bone morphogenetic protein receptor-II gene. Am J Hum Genet 
2000;67:737-744. 

(210) Thomson JR, Machado RD, Pauciulo MW, Morgan NV, Humbert M, Elliott GC, Ward K, 
Yacoub M, Mikhail G, Rogers P, Newman J, Wheeler L, Higenbottam T, Gibbs JS, Egan J, Crozier 
A, Peacock A, Allcock R, Corris P, Loyd JE, Trembath RC, Nichols WC. Sporadic primary pulmo-
nary hypertension is associated with germline mutations of the gene encoding BMPR-II, a receptor 
member of the TGF-beta family. J Med Genet 2000;37:741-745. 

(211) Spiekerkoetter E, Tian X, Cai J, Hopper RK, Sudheendra D, Li CG, El-Bizri N, Sawada H, 
Haghighat R, Chan R, Haghighat L, de Jesus Perez V, Wang L, Reddy S, Zhao M, Bernstein D, 
Solow-Cordero DE, Beachy PA, Wandless TJ, Ten Dijke P, Rabinovitch M. FK506 activates 
BMPR2, rescues endothelial dysfunction, and reverses pulmonary hypertension. J Clin Invest 
2013;123:3600-3613. 

(212) Rabinovitch M. EVE and beyond, retro and prospective insights. Am J Physiol 1999;277:L5-
12. 

(213) Sakamaki F. Coagulation and fibrinolytic abnormality related to endothelial injury in pulmo-
nary arterial hypertension. Nihon Rinsho 2001;59:1053-1058. 

(214) Ciumas M, Eyries M, Poirier O, Maugenre S, Dierick F, Gambaryan N, Montagne K, Nadaud 
S, Soubrier F. Bone morphogenetic proteins protect pulmonary microvascular endothelial cells from 
apoptosis by upregulating alpha-B-crystallin. Arterioscler Thromb Vasc Biol 2013;33:2577-2584. 

(215) Trembath RC, Thomson JR, Machado RD, Morgan NV, Atkinson C, Winship I, Simonneau 
G, Galie N, Loyd JE, Humbert M, Nichols WC, Morrell NW, Berg J, Manes A, McGaughran J, 
Pauciulo M, Wheeler L. Clinical and molecular genetic features of pulmonary hypertension in pa-
tients with hereditary hemorrhagic telangiectasia. N Engl J Med 2001;345:325-334. 

(216) Sakao S, Taraseviciene-Stewart L, Lee JD, Wood K, Cool CD, Voelkel NF. Initial apoptosis 
is followed by increased proliferation of apoptosis-resistant endothelial cells. FASEB J 
2005;19:1178-1180. 

(217) Masri FA, Xu W, Comhair SA, Asosingh K, Koo M, Vasanji A, Drazba J, Anand-Apte B, 
Erzurum SC. Hyperproliferative apoptosis-resistant endothelial cells in idiopathic pulmonary arteri-
al hypertension. Am J Physiol Lung Cell Mol Physiol 2007;293:L548-54. 

(218) Yeager ME, Golpon HA, Voelkel NF, Tuder RM. Microsatellite mutational analysis of endo-
thelial cells within plexiform lesions from patients with familial, pediatric, and sporadic pulmonary 
hypertension. Chest 2002;121:61S. 

(219) Li M, Vattulainen S, Aho J, Orcholski M, Rojas V, Yuan K, Helenius M, Taimen P, Myl-
lykangas S, De Jesus Perez V, Koskenvuo JW, Alastalo TP. Loss-of BMPR2 is Associated With 
Abnormal DNA Repair in Pulmonary Arterial Hypertension. Am J Respir Cell Mol Biol 2014. 

(220) Kim IY, Lee DH, Lee DK, Ahn HJ, Kim MM, Kim SJ, Morton RA. Loss of expression of 
bone morphogenetic protein receptor type II in human prostate cancer cells. Oncogene 
2004;23:7651-7659. 



�����������

�?<�

(221) Owens P, Pickup MW, Novitskiy SV, Chytil A, Gorska AE, Aakre ME, West J, Moses HL. 
Disruption of bone morphogenetic protein receptor 2 (BMPR2) in mammary tumors promotes me-
tastases through cell autonomous and paracrine mediators. Proc Natl Acad Sci U S A 
2012;109:2814-2819. 

(222) Drake KM, Comhair SA, Erzurum SC, Tuder RM, Aldred MA. Endothelial Chromosome 13 
Deletion in Congenital Heart Disease-associated Pulmonary Arterial Hypertension Dysregulates 
SMAD9 Signaling. Am J Respir Crit Care Med 2015;191:850-854. 

(223) Aldred MA, Comhair SA, Varella-Garcia M, Asosingh K, Xu W, Noon GP, Thistlethwaite 
PA, Tuder RM, Erzurum SC, Geraci MW, Coldren CD. Somatic chromosome abnormalities in the 
lungs of patients with pulmonary arterial hypertension. Am J Respir Crit Care Med 2010;182:1153-
1160. 

(224) Federici C, Drake KM, Rigelsky CM, McNelly LN, Meade SL, Comhair SA, Erzurum SC, 
Aldred MA. Increased Mutagen Sensitivity and DNA Damage in Pulmonary Arterial Hypertension. 
Am J Respir Crit Care Med 2015. 

(225) Wagner JG, Petry TW, Roth RA. Characterization of monocrotaline pyrrole-induced DNA 
cross-linking in pulmonary artery endothelium. Am J Physiol 1993;264:L517-22. 

(226) Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin 2014;64:9-29. 

(227) Jaworski C, Mariani JA, Wheeler G, Kaye DM. Cardiac complications of thoracic irradiation. 
J Am Coll Cardiol 2013;61:2319-2328. 

(228) Vaksmann G, Nelken B, Deshildre A, Rey C. Pulmonary arterial occlusive disease following 
chemotherapy and bone marrow transplantation for leukaemia. Eur J Pediatr 2002;161:247-249. 

(229) Kramer MR, Estenne M, Berkman N, Antoine M, de Francquen P, Lipski A, Jacobovitz D, 
Lafair J. Radiation-induced pulmonary veno-occlusive disease. Chest 1993;104:1282-1284. 

(230) Gerasimovskaya EV, Woodward HN, Tucker DA, Stenmark KR. Extracellular ATP is a pro-
angiogenic factor for pulmonary artery vasa vasorum endothelial cells. Angiogenesis 2008;11:169-
182. 

(231) Alastalo TP, Li M, Perez Vde J, Pham D, Sawada H, Wang JK, Koskenvuo M, Wang L, 
Freeman BA, Chang HY, Rabinovitch M. Disruption of PPARgamma/beta-catenin-mediated regu-
lation of apelin impairs BMP-induced mouse and human pulmonary arterial EC survival. J Clin 
Invest 2011;121:3735-3746. 

(232) Yegutkin GG, Burnstock G. Steady-state binding of [3H]ATP to rat liver plasma membranes 
and competition by various purinergic agonists and antagonists. Biochim Biophys Acta 
1998;1373:227-236. 

(233) Prosdocimo DA, Douglas DC, Romani AM, O'Neill WC, Dubyak GR. Autocrine ATP release 
coupled to extracellular pyrophosphate accumulation in vascular smooth muscle cells. Am J Physiol 
Cell Physiol 2009;296:C828-39. 

(234) Spiekerkoetter E, Guignabert C, de Jesus Perez V, Alastalo TP, Powers JM, Wang L, Lawrie 
A, Ambartsumian N, Schmidt AM, Berryman M, Ashley RH, Rabinovitch M. S100A4 and bone 
morphogenetic protein-2 codependently induce vascular smooth muscle cell migration via phospho-



�����������

�?=�

extracellular signal-regulated kinase and chloride intracellular channel 4. Circ Res 2009;105:639-
47, 13 p following 647. 

(235) Gupta VK, Jaskowiak NT, Beckett MA, Mauceri HJ, Grunstein J, Johnson RS, Calvin DA, 
Nodzenski E, Pejovic M, Kufe DW, Posner MC, Weichselbaum RR. Vascular endothelial growth 
factor enhances endothelial cell survival and tumor radioresistance. Cancer J 2002;8:47-54. 

(236) Beigi R, Kobatake E, Aizawa M, Dubyak GR. Detection of local ATP release from activated 
platelets using cell surface-attached firefly luciferase. Am J Physiol 1999;276:C267-78. 

(237) Joseph SM, Buchakjian MR, Dubyak GR. Colocalization of ATP release sites and ecto-
ATPase activity at the extracellular surface of human astrocytes. J Biol Chem 2003;278:23331-
23342. 

(238) Corriden R, Insel PA. Basal release of ATP: an autocrine-paracrine mechanism for cell regu-
lation. Sci Signal 2010;3:re1. 

(239) Okada SF, Nicholas RA, Kreda SM, Lazarowski ER, Boucher RC. Physiological regulation 
of ATP release at the apical surface of human airway epithelia. J Biol Chem 2006;281:22992-
23002. 

(240) Milner P, Kirkpatrick KA, Ralevic V, Toothill V, Pearson J, Burnstock G. Endothelial cells 
cultured from human umbilical vein release ATP, substance P and acetylcholine in response to in-
creased flow. Proc Biol Sci 1990;241:245-248. 

(241) Wall M, Eason R, Dale N. Biosensor measurement of purine release from cerebellar cultures 
and slices. Purinergic Signal 2010;6:339-348. 

(242) Gardiner DG. A rapid and sensitive fluorimetric assay for adenosine, inosine, and hypoxan-
thine. Anal Biochem 1979;95:377-382. 

(243) Kather H, Wieland E, Waas W. Chemiluminescent determination of adenosine, inosine, and 
hypoxanthine/xanthine. Anal Biochem 1987;163:45-51. 

(244) Hayashi S, Hazama A, Dutta AK, Sabirov RZ, Okada Y. Detecting ATP release by a biosen-
sor method. Sci STKE 2004;2004:pl14. 

(245) Latini S, Bordoni F, Pedata F, Corradetti R. Extracellular adenosine concentrations during in 
vitro ischaemia in rat hippocampal slices. Br J Pharmacol 1999;127:729-739. 

(246) Simmonds RJ, Harkness RA. High-performance liquid chromatographic methods for base and 
nucleoside analysis in extracellular fluids and in cells. J Chromatogr 1981;226:369-381. 

(247) Lazarowski ER, Tarran R, Grubb BR, van Heusden CA, Okada S, Boucher RC. Nucleotide 
release provides a mechanism for airway surface liquid homeostasis. J Biol Chem 2004;279:36855-
36864. 

(248) Schneider SW, Egan ME, Jena BP, Guggino WB, Oberleithner H, Geibel JP. Continuous 
detection of extracellular ATP on living cells by using atomic force microscopy. Proc Natl Acad Sci 
U S A 1999;96:12180-12185. 



�����������

�?>�

(249) Chen CC, Chen YZ, Huang YJ, Sheu JT. Using silicon nanowire devices to detect adenosine 
triphosphate liberated from electrically stimulated HeLa cells. Biosens Bioelectron 2011;26:2323-
2328. 

(250) Sorensen CE, Novak I. Visualization of ATP release in pancreatic acini in response to cholin-
ergic stimulus. Use of fluorescent probes and confocal microscopy. J Biol Chem 2001;276:32925-
32932. 

(251) Kim SK, Lee DH, Hong JI, Yoon J. Chemosensors for pyrophosphate. Acc Chem Res 
2009;42:23-31. 

(252) Singh T, Kaur V, Kumar M, Kaur P, Murthy RS, Rawal RK. The critical role of bisphospho-
nates to target bone cancer metastasis: an overview. J Drug Target 2014:1-15. 

(253) Russell RG. Bisphosphonates: the first 40 years. Bone 2011;49:2-19. 

(254) Robson SC, Kaczmarek E, Siegel JB, Candinas D, Koziak K, Millan M, Hancock WW, Bach 
FH. Loss of ATP diphosphohydrolase activity with endothelial cell activation. J Exp Med 
1997;185:153-163. 

(255) Gerasimovskaya EV, Stenmark KR, Yegutkin GG. Role of purine-converting ecto-enzymes 
in angiogenic phenotype of pulmonary artery adventitial vasa vasorum endothelial cells of chroni-
cally hypoxic calves. In: Gerasimovskaya EV and Kaczmarek E, editors. Extracellular ATP and 
adenosine as regulators of endothelial cell function: Springer, Dordrecht, Netherlands; 2010. p. 73-
93. 

(256) Narravula S, Lennon PF, Mueller BU, Colgan SP. Regulation of endothelial CD73 by adeno-
sine: paracrine pathway for enhanced endothelial barrier function. J Immunol 2000;165:5262-5268. 

(257) Schulte am Esch J,2nd, Sevigny J, Kaczmarek E, Siegel JB, Imai M, Koziak K, Beaudoin AR, 
Robson SC. Structural elements and limited proteolysis of CD39 influence ATP diphosphohydro-
lase activity. Biochemistry 1999;38:2248-2258. 

(258) Imai M, Kaczmarek E, Koziak K, Sevigny J, Goepfert C, Guckelberger O, Csizmadia E, 
Schulte Am Esch J,2nd, Robson SC. Suppression of ATP diphosphohydrolase/CD39 in human vas-
cular endothelial cells. Biochemistry 1999;38:13473-13479. 

(259) Ahmad S, Ahmad A, Ghosh M, Leslie CC, White CW. Extracellular ATP-mediated signaling 
for survival in hyperoxia-induced oxidative stress. J Biol Chem 2004;279:16317-16325. 

(260) Peyot ML, Gadeau AP, Dandre F, Belloc I, Dupuch F, Desgranges C. Extracellular adenosine 
induces apoptosis of human arterial smooth muscle cells via A(2b)-purinoceptor. Circ Res 
2000;86:76-85. 

(261) Carpenter TC, Stenmark KR. Hypoxia decreases lung neprilysin expression and increases 
pulmonary vascular leak. Am J Physiol Lung Cell Mol Physiol 2001;281:L941-8. 

(262) Thompson LF, Eltzschig HK, Ibla JC, Van De Wiele CJ, Resta R, Morote-Garcia JC, Colgan 
SP. Crucial role for ecto-5'-nucleotidase (CD73) in vascular leakage during hypoxia. J Exp Med 
2004;200:1395-1405. 



�����������

�??�

(263) Sayner SL. Emerging themes of cAMP regulation of the pulmonary endothelial barrier. Am J 
Physiol Lung Cell Mol Physiol 2011;300:L667-78. 

(264) Kiss J, Yegutkin GG, Koskinen K, Savunen T, Jalkanen S, Salmi M. IFN-beta protects from 
vascular leakage via up-regulation of CD73. Eur J Immunol 2007;37:3334-3338. 

(265) Henttinen T, Jalkanen S, Yegutkin GG. Adherent leukocytes prevent adenosine formation and 
impair endothelial barrier function by Ecto-5'-nucleotidase/CD73-dependent mechanism. J Biol 
Chem 2003;278:24888-24895. 

(266) Eltzschig HK, Ibla JC, Furuta GT, Leonard MO, Jacobson KA, Enjyoji K, Robson SC, Col-
gan SP. Coordinated adenine nucleotide phosphohydrolysis and nucleoside signaling in posthypoxic 
endothelium: role of ectonucleotidases and adenosine A2B receptors. J Exp Med 2003;198:783-796. 

(267) Burton VJ, Ciuclan LI, Holmes AM, Rodman DM, Walker C, Budd DC. Bone morphogenetic 
protein receptor II regulates pulmonary artery endothelial cell barrier function. Blood 
2011;117:333-341. 

(268) Takahashi K, Kogaki S, Matsushita T, Nasuno S, Kurotobi S, Ozono K. Hypoxia induces 
alteration of bone morphogenetic protein receptor signaling in pulmonary artery endothelial cell. 
Pediatr Res 2007;61:392-397. 

(269) de Jesus Perez VA, Alastalo TP, Wu JC, Axelrod JD, Cooke JP, Amieva M, Rabinovitch M. 
Bone morphogenetic protein 2 induces pulmonary angiogenesis via Wnt-beta-catenin and Wnt-
RhoA-Rac1 pathways. J Cell Biol 2009;184:83-99. 

(270) Communi D, Govaerts C, Parmentier M, Boeynaems JM. Cloning of a human purinergic P2Y 
receptor coupled to phospholipase C and adenylyl cyclase. J Biol Chem 1997;272:31969-31973. 

(271) Morrow GB, Nicholas RA, Kennedy C. UTP is not a biased agonist at human P2Y receptors. 
Purinergic Signal 2014. 

(272) Xiao Z, Yang M, Lv Q, Wang W, Deng M, Liu X, He Q, Chen X, Chen M, Fang L, Xie X, 
Hu J. P2Y11 impairs cell proliferation by induction of cell cycle arrest and sensitizes endothelial 
cells to cisplatin-induced cell death. J Cell Biochem 2011;112:2257-2265. 

(273) Chandra SM, Razavi H, Kim J, Agrawal R, Kundu RK, de Jesus Perez V, Zamanian RT, 
Quertermous T, Chun HJ. Disruption of the apelin-APJ system worsens hypoxia-induced pulmo-
nary hypertension. Arterioscler Thromb Vasc Biol 2011;31:814-820. 

(274) Satonaka H, Nagata D, Takahashi M, Kiyosue A, Myojo M, Fujita D, Ishimitsu T, Nagano T, 
Nagai R, Hirata Y. Involvement of P2Y12 Receptor in Vascular Smooth Muscle Inflammatory 
Changes via MCP-1 Upregulation and Monocyte Adhesion. Am J Physiol Heart Circ Physiol 
2015:ajpheart.00862.2013. 

(275) Andersen CU, Hilberg O, Mellemkjaer S, Nielsen-Kudsk JE, Simonsen U. Apelin and pul-
monary hypertension. Pulm Circ 2011;1:334-346. 

(276) Falcao-Pires I, Goncalves N, Henriques-Coelho T, Moreira-Goncalves D, Roncon-
Albuquerque R,Jr, Leite-Moreira AF. Apelin decreases myocardial injury and improves right ven-
tricular function in monocrotaline-induced pulmonary hypertension. Am J Physiol Heart Circ Phys-
iol 2009;296:H2007-14. 



�����������

�?@�

(277) Jackson SP. Sensing and repairing DNA double-strand breaks. Carcinogenesis 2002;23:687-
696. 

(278) Valdiglesias V, Giunta S, Fenech M, Neri M, Bonassi S. gammaH2AX as a marker of DNA 
double strand breaks and genomic instability in human population studies. Mutat Res 2013;753:24-
40. 

(279) Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ. ATM phosphorylates histone H2AX 
in response to DNA double-strand breaks. J Biol Chem 2001;276:42462-42467. 

(280) Silva-Neto JP, Barreto RA, Pitanga BP, Souza CS, Silva VD, Silva AR, Velozo ES, Cunha 
SD, Batatinha MJ, Tardy M, Ribeiro CS, Costa MF, El-Bacha RS, Costa SL. Genotoxicity and 
morphological changes induced by the alkaloid monocrotaline, extracted from Crotalaria retusa, in a 
model of glial cells. Toxicon 2010;55:105-117. 

(281) Brown RK, Wilson G, Tucci MA, Benghuzzi HA. The effects of thymoquinone and Doxoru-
bicin on leukemia and cardiomyocyte cell lines. Biomed Sci Instrum 2014;50:391-396. 

(282) Fayad L, Ansell SM, Advani R, Coiffier B, Stuart R, Bartlett NL, Forero-Torres A, Kulicz-
kowski K, Belada D, Ng E, Drachman JG. Dacetuzumab plus rituximab, ifosfamide, carboplatin 
and etoposide as salvage therapy for patients with diffuse large B-cell lymphoma relapsing after 
rituximab, cyclophosphamide, doxorubicin, vincristine and prednisolone: a randomized, double-
blind, placebo-controlled phase 2b trial. Leuk Lymphoma 2015:1-10. 

(283) Koziak K, Bojakowska M, Robson SC, Bojakowski K, Soin J, Csizmadia E, Religa P, 
Gaciong Z, Kaczmarek E. Overexpression of CD39/nucleoside triphosphate diphosphohydrolase-1 
decreases smooth muscle cell proliferation and prevents neointima formation after angioplasty. J 
Thromb Haemost 2008;6:1191-1197. 

 

 


	Tyhjä sivu

