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Abstract

Wound healing is an important outcome of tissue damage and can be stimulated by adenosine released from cells during events
such as tissue injury, ischaemia or tumour growth. The aim of this research was to determine the potency and efficacy of
adenosine A, Ay and A,p receptor agonists on the rate of wound healing and cell proliferation in human EA.hy926 endothelial
cells. Real-time PCR data showed that only adenosine A, A, and A, receptor mRNA were expressed in this cell line. All three
adenosine receptor agonists, CPA, CGS21680 and NECA, significantly increased the rate of wound healing in human EAhy926
endothelial cells with the following order of potency CGS21680>CPA>NECA and efficacy CPASNECA>CGS21680. The
selective adenosine A, Ay5 and A,p receptor antagonists, DPCPX, ZM241385 and MRS1754 (all at 10 nM), reversed the
effects of their respective agonists. EAhy926 endothelial cell proliferation was also significantly increased with the adenosine A,
and A,p receptor agonists, CPA and NECA. Western blot analysis demonstrated that adenosine A, and A; receptor protein
levels were highly expressed compared with the adenosine A,p receptors in the EAhy926 endothelial cell lines. While all three
adenosine A, A, and A, receptor subtypes contribute to cell proliferation and wound healing in human EAhy926 endothelial

cells, treatments selectively targeting receptor subtypes may further enhance wound healing.
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Introduction

Adenosine is a ubiquitous purine nucleoside that is produced
following the dephosphorylation of ATP and adenine nucleo-
tides. It protects tissues and cells during tissue damage or
hypoxic-ischaemic conditions where its role becomes impor-
tant to counter metabolic stress and cellular energy imbalance
[1, 2]. Adenosine levels range between 20 and 300 nM under
physiological conditions and may rise during conditions in-
cluding intense exercise or in a low-oxygen environment en-
countered at high altitude [3]. Under severe pathological con-
ditions such as ischaemia, tissue adenosine concentrations can
rise to 30 uM [3, 4].
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Adenosine is emerging as having an important role in
wound healing and remodelling [S] where the repair of dam-
aged tissues is a vital homeostatic mechanism that involves
several phases including inflammation, neovascularization,
tissue regeneration and tissue reorganisation [6]. Adenosine
and its receptors play essential roles in the production of ma-
trix and stimulation of neovascularization, which are both cru-
cial processes for tissue repair and wound healing [2, 6].
Conversely, adenosine receptor stimulation also promotes
the development of fibrosis in the skin, lungs and liver [6].
Endothelial cells in the vasculature generate adenosine from
adenine nucleotides and respond to adenosine through in-
creased proliferation and migration [2, 7-11].

Cyclopentyladenosine (CPA) has a similar structure to
adenosine and is classified as a highly selective agonist for
the adenosine A receptor [12]. CPA, through binding to the
adenosine A receptor located on many cell types, can reduce
damage associated with ischaemia, attenuate calcium levels in
the cytosol or induce coronary vasodilation [12—17]. In addi-
tion, CPA through the activation of adenosine A; receptors in
macrophage cell lines mediates both nitric oxide (NO) release
and the production of inflammatory cytokines (IL-10 and
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TNF-o), which are essential for tissue repair [12, 18-21].
In vivo studies using mice have shown that CPA stimulates
the proliferation of endothelial cells, keratinocytes and fibro-
blasts [12, 17]. CPA acts as a mitogen and has strong vasodi-
lator properties, which support cell proliferation and wound
healing [12, 17]. CPA induces concentration-dependant in-
creases in human dermal microvascular endothelial cell pro-
liferation [12]. Adenosine A, 5 and A,g receptor agonists both
cooperate to promote angiogenesis and migration of endothe-
lial cells and fibroblasts through cAMP- and PKA (protein
kinase A)-dependent pathways [22, 23]. In addition to the
promotion of wound healing following activation of adeno-
sine receptors, stimulation of the adenosine A, A receptors may
also enhance extracellular matrix production in healing
wounds [23]. The adenosine Az receptor couples to several
G proteins such as Gj o, G; a3 and Gy « [24-26] and has
been reported to induce selective RhoA-dependent activation
of phospholipase D (PLD). Adenosine also stimulates
angiopoietin-2 secretion through adenosine Aj; receptors
[27]. To our knowledge, there are no publications regarding
the presence of adenosine Aj receptor on human endothelial
cells, although they have been reported in mouse endothelium
[28, 29]. This project will identify the adenosine receptor sub-
types that are involved in mediating wound healing and pro-
liferation of human endothelial cells.

The aims of this study were to measure the effect of aden-
osine A, A, and A,p receptor agonists and antagonists on
the rate of wound closure and cell proliferation in human
EA hy926 endothelial cells and to establish the protein expres-
sion levels of adenosine A, A, and A,p receptor subtypes in
EA hy926 endothelial cells, using Western blot assays.

Materials and methods
Cell culture technique

The EA.hy926 endothelial cell line used for these studies was
generously donated to our research group by the Apoptosis
Research Group, Griffith University, Gold Coast campus. The
EA.hy926 endothelial cells were seeded into a 75 cm? cell
culture flask containing complete media. Complete media
comprised high glucose (4500 mg/L, 25 mM) Dulbecco’s
Modified Eagle’s Medium (DMEM) (ThermoFisher
Scientific, VIC, Australia) supplemented with a mixture of
hypoxanthine-aminopterin-thymidine (HAT, Sigma Aldrich,
NSW, Australia), 10% foetal bovine serum (FBS) and 1%
antibiotic-antimycotic (penicillin/streptomycin/amphotericin
B, Invitrogen, VIC, Australia). A high-glucose medium was
used to grow the EA.hy926 endothelial cell line as it is the
recommended medium for this cell line. These cells do not
grow well at lower glucose concentration. Cells were incubat-
ed in a humidified incubator at 37 °C and 5% carbon dioxide
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(CO,). The cells were maintained under these conditions until
they adhered to the surface of the flask. They were grown for
4-5 days until they reached the optimal confluency to com-
mence experiments. For these experiments, the cells would
have undergone 20 passages for the wound healing experi-
ments and another 20 passages for the cell proliferation
assays.

Real-time polymerase chain reaction

The total ribonucleic acid (RNA) from the EA.hy926 endo-
thelial cells was extracted using the RNEasy® Mini Kit
(QIAGEN, Netherlands). The Nanodrop® ND-1000 spectro-
photometer (Thermo Scientific, USA) was used to determine
the yield and purity of RNA which was used in the conversion
to cDNA; the samples that remained were stored at —80 °C.
The total RNA was converted to cDNA by following the first-
strand cDNA synthesis protocol provided in the AffinityScript
Multiple Temperature Reverse Transcriptase (Stratagene,
USA). The cDNA was stored at —20 °C until further use.

For the analysis of adenosine receptor mRNA expression,
real-time PCR was used to detect the fluorescence levels and
the signal that was proportionate to the amount of double-
stranded DNA. The qPCR mix that was used to detect the
amplification of cDNA was 5x HOT FIREPol® EvaGreen®
gPCR Mix Plus (ROX) (Solis BioDyne, Estonia); the primer
sequences that were used for adenosine receptors and the
house-keeping genes 18S rRNA and (3-actin (ACTB) are as
follows: 18S Fw CTTAGAGGGACAAGTGGCG, 18S Rev.
GGACATCTAAGGGCATCACA 71BP, hACTB Fw
ACCACACCTTCTACAATGAGCT, hACTBRev
GAAGGTCTCAAACATGATCTGG 122BP, hADORAL
Fw GGAGTCTGCTTGTCTTAGATG, hADORA1Rev
CAACCTCTCTCCTTCCATCC 97 BP, hADORA2AFw
GGGTGTCTATTTGCGGATCTTC, hADORA2ARev
GTGACTTGGCAGCATGGACC, 122BP,
hADORA2BFWGCTGCCTTGTGAAGTGTCTC,
hADORA2BRev GCACAGGTAACCAGCACAGG, 255BP,
hADORA3Fw GGGCATCACAATCCACTTCT and
hADORA3Rev AGGGCCAGCCATATTCTTCT 171BP.
cDNA from human blood known to express all 4 adenosine
receptor subtypes was used as a positive control. The qPCR
reaction was prepared as per manufacturer’s instructions; in
brief, 2 uL of cDNA was added to each well with 18 pL of
master mix. The master mix consisted of 4 puL of 5x HOT
FIREPoI® EvaGreen® qPCR Mix Plus, 1 uL of forward and
reverse primers with 12 puL of distilled H,O (dH,0).

The qPCR reactions were run on a Bio-Rad 1Q iCycler
system (Bio-Rad Laboratories, Hercules, USA) that first re-
quired initial denaturation for 15 min at 95 °C, which was
followed by 40 cycles of 15 s at 95 °C, 20 s at 60 °C and
20 s at 72 °C. The product was loaded onto 2% Agarose gel, to
determine real-time PCR products for the specific receptors;
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this allowed the adenosine receptors specific to the EA.hy926
endothelial cells to be identified under an ultra-violet (UV)
fluorescent light.

Western blot technique

The cells were lysed using lysis buffer (I mM
phenylmethanesulfonyl fluoride (PMSF), 10 uM leupeptin,
3 mM benzamidine, 5 uM pepstatin A, 1 mM sodium
orthovanadate, 0.1% Triton-X and Kinexus buffer), which
was freshly prepared on the day. Kinexus buffer was prepared
from a mixture of Mops buffer, 2 mM EGTA, 5 mM EDTA,
30 mM NakF, 40 mM {3-glycerophosphate and 20 mM sodium
pyrophosphate (NaPP). The cell suspension was centrifuged
at 1200 RPM, for 5 min at 4 °C, then the supernatant was
removed, and then the cells were washed with ice-cold
DPBS. The cells were then re-centrifuged at 1200 RPM, for
5 min at 4 °C. The supernatant was subsequently removed,
leaving only the cell pellet. The cells were agitated with the
lysis buffer using the pipette tip then transferred into an
Eppendorf tube and maintained on ice, with constant agitation
for a further 30 min. Afterwards, the cell and lysis buffer
mixture was centrifuged at 13200 RPM, for 10 min at 4 °C.
The supernatant was then aspirated and preserved in a fresh
Eppendorf tube and kept on ice. To determine the protein
concentration, the bicinchoninic acid assay (BCA) (Pierce
BCA protein assay kit, ThermoFisher Scientific, VIC,
Australia) was applied. The BCA protocol was used to mea-
sure protein concentrations of cell lysates and compare these
to known standard sample concentrations, and absorbance
was measured using a plate reader at a wavelength of
562 nm [30].

Protein samples (50 pg) were loaded into the gels and run
at 150 V for approximately 50 min until the samples reached
the bottom of the gel. The protein samples were then trans-
ferred to PVDF membranes using 75 V for 1 h and 30 min.
The membranes were treated with blocking buffer for 1 h then
they were incubated overnight at 4 °C with rabbit polyclonal
primary antibody for adenosine A; receptor (1:500) (Abcam,
Cambridge, UK), adenosine A, 4 receptor (1:500) (Santa Cruz
Biotechnology, CA, USA) or adenosine A,g receptor (1:200)
(Merck Millipore, VIC, Australia). Afterwards, the mem-
branes were incubated in horseradish peroxidase—conjugated
goat anti-rabbit secondary antibody (1:10000) for adenosine
A and A, receptors and (1: 500) for adenosine A,g receptor
(Santa Cruz Biotechnology, CA, USA) for 1 h at room tem-
perature. Furthermore, beta (f3)-actin antibody was used as a
loading control (1:1000) (Thermo Fisher, VIC, Australia) for
all three adenosine receptor subtypes and a horseradish
peroxidase—conjugated goat anti-rabbit antibody was used as
the secondary antibody (1:3000). The expression of the pro-
teins was examined by comparing their size with a protein
ladder or molecular weight marker.

Wound healing assay

EA hy926 endothelial cells (2 x 10° cells) in complete media
were seeded into the 12-well plates in triplicate and incubated
until the cells reached 80-85% confluence. The cell layer was
then scratched with a 200-uL pipette tip and respective aden-
osine receptor agonists and antagonists were loaded into the
wells. For the vehicle control, diluted DMSO (0.03%) was
added to the scratch assay. The cell migration was observed
using the Nikon ECLIPSE TS100 microscope (Nikon, Tokyo,
Japan) with an attached camera. The cells were photographed
at 0,2, 4 and 6 h and the migration distance of the wound was
analysed using the TSView 7 software; quantitative data
values were obtained in wm/h for each sample.

Adenosine receptor agonists and antagonists utilised
in this study

Agonists and antagonists used for these experiments with their
published K; values are listed in Table 1. 5'-N-
ethylcarboxamido adenosine (NECA) was used as an agonist
for the adenosine A,p receptor; however, NECA is non-
selective for the adenosine receptors, so an adenosine Ajx
receptor antagonist (10 nM ZM241385) was combined with
NECA to block the effects of NECA on the adenosine A;a
receptor. An adenosine A3 receptor agonist was not used in
these experiments as real-time PCR indicated that the adeno-
sine Aj receptor was not present in the EA.hy926 endothelial
cells (see Fig. 1). The non-selective adenosine receptor antag-
onist 8-(p-sulfophenyl)-theophylline hydrate (30 M) was al-
so used to determine whether endogenous adenosine was ba-
sally released by the endothelial cells to affect the wound
healing assay. In these experiments, DMSO (0.03%) reduced
wound closure rates when compared with control conditions.
Analysis of the concentration-response curves to the adeno-
sine receptors agonists was performed using GraphPad Prism
software (CA, USA) (version 6.0).

Furthermore, the addition of the non-selective adenosine
receptor antagonist 8-sulphylphenyltheophylline (30 uM)
did not affect the rate of wound closure in the scratch assay,
indicating that residual adenosine (if it is released) in cell
culture conditions does not affect cell function in this assay.

Different concentrations of agonists were utilised (1—
300 nM) in the initial scratch assay experiments to obtain
concentration-response curves, determine the ECs, value
and establish an appropriate concentration of agonist required
for the rest of the experiments. The K; values for adenosine
receptor antagonists are as follows: DPCPX (adenosine A,
receptor, 3.0 nM), ZM241385 (adenosine A, receptor,
1.6 nM) and MRS1754 (adenosine A,g receptor, 1.97 nM)
[31]. A final concentration of 10 nM was used for all the
adenosine receptor antagonists in this study.
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Table 1  Selective adenosine receptor subtype agonists and antagonists implemented in this study. The K; values come from the Nomenclature and
Classification of Adenosine receptors—an update (Fredholm et al. 2011 [31])
Adenosine Agonist Antagonist
receptor
A4 NC-cyclopentyladenosine (CPA) K; value 2.3 nM 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX)K; value 3.0 nM
Aop 2-p-(2-carboxyethyl) phenethylamino-5'- 4-(2-[7-Amino-2-(2-furyl)[ 1,2,4]triazolo
N-ethylcarboxamidoadenosine (CGS21680) K; value [2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol (ZM241385)
27 nM K; value 1.6 nM
Asp 5'-N-ethylcarboxamido (NECA) K; value 140 nM N-(4-cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,

6-dioxo-1,3-dipropyl-1H-purin-8-yl) phenoxy]-acetamide
(MRS1754)
K; value 1.97 nM

Cell proliferation assay

The EA.hy926 endothelial cells were seeded in triplicate
at 5000 cells/ well in 96-well plates and also, 4000,
5000, 6000, 7000, 8000 and 9000 cells were seeded in

mRNA expression of adenosine receptor subtypes
Al Aa Az A3 18S BAc

Protein expression of adenosine receptor subtypes
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Adenosine Receptor Subtypes

Fig. 1 Upper panel: 2% Agarose gel electrophoresis RT-PCR results for
adenosine receptors. 18 s ribosomal RNA 71BP, adenosine A, receptor
97BP, adenosine A, receptor 122BP, adenosine A,p receptor 255BP,
adenosine Aj; receptor 171BP and 3(B)-actin 122BP. Lower panel:
Graph demonstrating the relative expression of adenosine A, A, and
A,p receptor subtypes on E.Ahy926 endothelial cells. The data was
analysed using one-way ANOVA. Data is expressed as mean £ SEM
(n=06), *P <0.05 versus adenosine A; receptor
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duplicate per well, respectively, to form the standard
curve. They were all incubated for 24 h at 37 °C, 5%
CO,. The adenosine receptor agonists and antagonists
were prepared using high-glucose complete media at
30 nM and 10 nM concentrations, respectively. In addi-
tion, for control experiments, cells were treated with
normal high-glucose complete media and vehicle con-
trols using DMSO at two different dilutions of 0.004%
and 0.03% v/v. Once the cells were seeded, the plate
was incubated for 24 h at 37 °C, 5% CO,. CCK-8
was either thawed at room temperature for 30 min or
defrosted in the water bath at 37 °C for 5 min. After
24-h incubation, the high-glucose complete media were
discarded from each well and subsequently replaced
with freshly prepared high-glucose complete media
(200 uL) containing 10 uL of respective drugs. A vol-
ume of 10 uL of the CCK-8 solution was carefully
loaded into each well of the plate to avoid producing
any air bubbles (air bubbles in the wells could interfere
with the optical density (OD) reading) and the 96-well
culture plate was incubated at 37 °C, 5% CO,, for 4 h.
The plate was finally placed into the Infinite M200
PRO-TECAN microplate reader (Tecan group,
Switzerland) to measure absorbance at 450 nm. The
standard curve was used to determine cell numbers
and to allow accurate quantification of cell proliferation.

Drug solutions

Stock solutions of the adenosine agonists and antagonists
(1 mM) were dissolved in DMSO and stored as aliquots in
the —20 °C freezer until further use. All drugs were freshly
prepared on the day of the experiments from the thawed stock
solution by diluting with complete media to reach the concen-
tration required for experiments. The reagents used in this
experiment are DMSO, CPA, DPCPX, NECA, MRS1754
and CGS21680 which were obtained from Sigma Aldrich
(NSW, Australia) and ZM241385 was sourced from Tocris
Bioscience (Bristol, UK).
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Data analysis

Data is presented as mean = SEM and the differences were
considered statistically significant at P <0.05. All statistical
analysis was performed using GraphPad Prism software (ver-
sion 6.0) (CA, USA). To examine the rates of wound healing
or cell proliferation, a one-way analysis of variance (ANOVA)
was used. Statistical analyses for the Western blot implement-
ed an unpaired, two-tailed Student’s ¢ test for a single compar-
ison or a one-way ANOVA for more than two or multiple
comparisons.

Results

Adenosine receptor subtype mRNA expression
in EA.hy926 endothelial cells using RT-PCR

RT-PCR was conducted on ¢cDNA samples converted
from EA.hy926 endothelial cell mRNA. Human blood
cDNA sample was used as a positive control as it is
known to express all four adenosine receptor subtypes.
The PCR product was then loaded onto a 2% agarose
electrophoresis gel to determine which receptors sub-
types were present. Figure 1 shows adenosine A, Aja
and A,p receptor PCR products in agarose gel. The
adenosine A; receptor was observed in the positive con-
trol (human blood ¢cDNA) but not in EA.hy926 endo-
thelial cells. 18 s RNA and f-actin mRNA were also
expressed in control and EA.hy926 cells; however,
GAPDH PCR product was not observed in either group.
From these observations, it was determined that subse-
quent experiments would only be conducted using aden-
osine A;, A,n and A, receptor agonists and
antagonists.

Protein expression of adenosine receptor subtypes
in EA.Hy926 cells

The results of Western blotting techniques confirmed the pres-
ence of adenosine A, Ao and A, receptors of expected
molecular size A; (=37 kDa), Ay, (=45 kDa) and A, (=
50-52 kDa) in EA.hy926 endothelial cells. Furthermore, [3-
actin with a molecular size of =42 kDa was used as a loading
control. Three different blots were utilised for each adenosine
Ay, A, 5 and A,p receptor antibody and they were individually
analysed against internal controls. Data analysis shows that
the protein expression of adenosine A, 4 receptor was consid-
erably higher in EA.hy926 endothelial cells when compared
with adenosine A; and A,p receptors (P <0.05). Moreover,
the adenosine A receptor had a higher expression when com-
pared with adenosine A,p receptor (P < 0.05, see Fig. 1).

The wound healing scratch assay

The data for the wound healing scratch assay was obtained by
measuring the width of the scratch at 2 hourly intervals, using
Image J software (see Fig. 2). The average speed of wound
healing was examined by comparing the effect of different
concentrations of adenosine receptor agonists. The results
were analysed using a one-way ANOVA. The effective con-
centration producing 50% maximal effective concentration
response (ECs) to agonist (log concentration) was calculated
based on curve fitting using GraphPad Prism (see Fig. 3). The
adenosine A; receptor agonist CPA caused a concentration-
dependant increase in the speed/rate of scratch closure (which
is a surrogate marker for wound healing in this assay) at all
concentrations of CPA when compared with the control group
(P<0.05). The ECso value for CPA in the wound healing
scratch assay of EA.hy926 endothelial cell was 7.16 x
10~ M (confidence intervals 4.75 x 10°~1.08 x 10~* M).
The data also shows that the efficacy of CPA and its ability
to stimulate wound healing, based on its ability to increase the
rate of wound closure, were greater than the two other aden-
osine receptor agonists, CGS21680 and NECA (adenosine
A, receptor and A,p receptor agonists, respectively).
However, CPA was not the most potent agonist in stimulating
the wound healing scratch assay with the order of potency
being CGS21680>CPA>NECA.

CGS21680 was used as a selective agonist for the adeno-
sine A, A receptors. The rates of wound healing at all concen-
trations of CGS21680 were significantly increased when com-
pared with those of the control group (P <0.05). The ECs,
value for CGS21680 in the wound healing scratch assay of
EA.hy926 endothelial cells was 3.25 x 10~ M (confidence
intervals 2.83 x 10 '°-3.74 x 10~ M). CGS21680 was more
potent than the other two adenosine A; and A,p receptor ag-
onists (CPA and NECA) used in this assay. While CGS21680
was the most potent of the selective agonists used in this assay,
its efficacy was low when compared with the other two ago-
nists with respect to rates of wound healing. NECA was used
as an agonist for adenosine A,p receptor in this study; how-
ever, as previously explained, NECA is a non-selective ago-
nist for the adenosine A, receptor. Therefore, NECA was com-
bined with the adenosine A, receptor antagonist ZM241385
(10 nM) to block the adenosine A,, subtype. The rates of
wound healing at all concentrations of NECA were signifi-
cantly increased when compared with those of the control
group (P <0.05). The ECsq value for NECA in the wound
healing scratch assay of EA.hy926 endothelial cells was
1.48 x 10~ M (confidence intervals 2.83 x 107 1°-3.74 x
10~® M). Of the three agonists tested using the scratch assay,
NECA provided the least potent wound healing stimulus in
EA hy926 endothelial cells.

Selective adenosine receptor antagonists were used in the
EA.hy926 endothelial cell wound healing scratch assay. Using
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Fig. 2 Wound healing scratch
assay using different
concentrations of CPA on

EA hy926 endothelial cells.
Upper panel depicts scratch
widths at 0 times and lower panel
shows scratch widths after 6 h.
CPA concentrations from the left
to right are control (0 nM), 1 nM,
3nM, 10nM, 30 nM, 100 nM and
300 nM CPA. Magnification, x
40

CPA 1nM

3nM

10nM 30nM 100nM  300nM

submaximal concentrations for the concentration-response
curves from the wound healing data (see Fig. 3), single con-
centrations of the adenosine receptor agonists (30 nM) were
used in the wound healing scratch assay and tested against
selective adenosine receptor antagonists at 10 nM. The rates
of wound healing with all the adenosine receptor agonists
increased as follows: adenosine A; receptor agonist (CPA,
30 nM) increased by 42.29%, adenosine A, 5 receptor agonist
(CGS21680, 30 nM) rose by 49% and adenosine A,p receptor
agonist (NECA, 30 nM + ZM241385, 10 nM) was elevated by
20.57% when compared with their respective control group
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Fig. 3 Concentration-response curves (CRC) showing the effect of
selective adenosine receptor agonists on EA.hy926 endothelial cells and
the rate of wound healing, n=6 per group. Note that NECA

concentration-response curves were done in the presence of 10 nM
ZM241385

@ Springer

(P<0.05) (Fig. 4). The selective adenosine receptor antago-
nists alone did not alter the rates of wound healing in compar-
ison with the control group (P> 0.05, see Fig. 4). However,
the adenosine receptor antagonists inhibited adenosine recep-
tor agonist-induced increases in the rates of wound healing
indicating that all three adenosine receptor subtypes are in-
volved in stimulating wound healing (P < 0.05).

Cell proliferation assay

The results show that cell proliferation was significantly de-
creased by the vehicle control treatment (0.004% and 0.03%
DMSO) when compared with the control group (data not
shown, P <0.05). Also, increased cell proliferation was ob-
served in cells treated with the adenosine A and A, receptor
agonists (CPA, 30 nM and NECA, 30 nM + ZM241385,
10 nM) when compared with the control groups (P < 0.05).
However, in comparison with the control groups, the treat-
ment with the selective antagonists alone or combined agonist
and antagonist groups did not show any changes (P > 0.05).
Figure 5 shows that the adenosine receptor subtype agonists
(CPA and NECA, 30 nM + ZM241385, 10 nM) increased cell
proliferation but they did not have any significant differences
when compared with each other (P> 0.05). Moreover, the
results showed that agonist-induced cell proliferation was re-
versed by selective antagonist treatment.

Discussion
This study measured the effect of selective adenosine A, Aya

and A,p receptor agonists and antagonists on the rate of
wound closure in EA.hy926 endothelial cells. This project
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Fig. 4 The effect of adenosine receptor agonist, antagonist and their
combination on the rate of wound healing. Note that responses to
NECA were done in the presence of 10 nM ZM241385. One-way
ANOVA was applied to analyse the data. Data is expressed as mean +
SEM, n=6, *P<0.05 versus the control, P <0.05 versus selective
agonist. CGS21680 (CGS), ZM241385 (ZM) and MRS1754 (MRS)
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Fig. 5 The effect of adenosine receptor agonist, antagonist and their
combination on proliferation rates. Note that responses to NECA were
done in the presence of 10 nM ZM241385. One-way ANOVA was
applied to analyse the data. Data is expressed as mean + SEM, n=6,
*P < 0.05 versus the control. CGS21680 (CGS), ZM241385 (ZM) and
MRS1754 (MRS)

also determined the effect of adenosine receptor agonists on
cell proliferation and determined the adenosine A, A, and
A, receptor expression levels in EA.hy926 endothelial cells.

We found that only adenosine A;, A, and A,p receptor
mRNA were expressed in this cell line and that all three aden-
osine A, A,p and A,p receptor agonists, CPA, CGS21680
and NECA + ZM241385, significantly increased the rate of
wound healing in human EAhy926 endothelial cells with the
following order of potency CGS21680>CPA>NECA and ef-
ficacy CPASNECA>CGS21680. The selective adenosine Aj,
Aya and A,p receptor antagonists, DPCPX, ZM241385 and
MRS1754 (all at 10 nM), reversed the effects of their respec-
tive agonists and that EAhy926 endothelial cell proliferation
was also significantly increased with the adenosine A; and
A,p receptor agonists, CPA and NECA + ZM241385.

Several studies have used cultured endothelial cells to
mimic different physiological and pathological conditions,
particularly in the study of angiogenesis [32]. Primary endo-
thelial cells have a restricted lifespan and they may display
variable characteristics due to their multi-donor origin [32].
Immortalised cell lines have been reported to be generally
better characterised and more constant in their endothelial
properties than primary endothelial cells that were given an
extended life span [32]. This study reported that the best
characterised human macrovascular endothelial cell lines
and human microvascular endothelial cell lines are
EA hy926 and HMEC-1, respectively [32]. The permanent
human endothelial hybrid cell line (EA.hy926) was generated
by hybridisation of primary human umbilical vein endothelial
cells (HUVEC) and the human lung carcinoma cell line
(A549/8) [33, 34].
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The results of this study show that the rates of
wound healing in EAhy926 endothelial cells were sig-
nificantly increased by the adenosine A;, A,5 and A,p
receptor agonists (CPA, CGS21680 and NECA +
ZM241385 respectively) when compared with their con-
trol group indicating that all three adenosine receptor
subtypes stimulated wound healing in this assay. Also,
the concentration-response curves to the adenosine Aj,
A,a and A,p receptor agonists show that the rate of
wound healing was concentration-dependent. Adenosine
exerts its effects via G protein—coupled cell surface re-
ceptors that can be divided into four subtypes: adeno-
sine A; and Aj; receptors that inhibit adenylyl cyclase
and adenosine A,, and A,p receptors that stimulate
adenylyl cyclase [12]. Another research has determined
that stimulation of adenosine receptors increased endo-
thelial cell migration via cAMP- and PKA-dependent
pathways [23]. Also, studies using human endothelial
cells confirmed that adenosine is a mitogen for endothe-
lial cells [12, 35, 36]. Another study observed that the
topical application of the selective adenosine A,, recep-
tor agonist (CGS21680) in mice significantly increased
the wound closure rates when compared with mice treat-
ed with a vehicle 1.5% methylcellulose (control group)
[23].

The efficacy and potency of the three adenosine re-
ceptor agonists (CPA, CGS21680 and NECA) on the
rate of wound healing which varies in the EAhy926
endothelial cell line were assessed. The adenosine A,x
receptor agonist (CGS21680) was more potent than CPA
and NECA + ZM241385 (adenosine A; and A,p recep-
tor agonists, respectively) on wound closure. On the
other hand, the efficacy of CPA on the rate of wound
healing in EAhy926 endothelial cells was greater than
that in CGS21680 and NECA + ZM241385.
Corroborating previous findings, the adenosine A,p re-
ceptor agonist (NECA + ZM241385) was the least po-
tent and had reduced efficacy in stimulating wound
healing when compared with the other two adenosine
receptor agonists (CPA and CGS21680). The adenosine
A,p receptor has the lowest affinity for the agonists
used in this study; that is, the agonists for the other
receptor subtypes have potencies in the low nanomolar
range while the most potent of adenosine A,g receptor
agonists have affinities around the 1-uM range [37].
Similarly, a study using human umbilical vein endothe-
lial cells reported that the selective adenosine A,, re-
ceptor agonist CGS 21680 was more potent in activat-
ing adenylyl cyclase production than the non-selective
adenosine A,p receptor agonist (NECA). Although
NECA was less potent than CGS21680, it exhibited
higher efficacy in the activation of adenylyl cyclase
[38]. In this study, the cell proliferating effects of
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NECA were inhibited by MRS1754, a selective adeno-
sine A,p receptor antagonist which has low affinity for
the adenosine A; receptor with a K; value of 403 nM
[39]. Also, while there are limited options for selective
agonists at the adenosine A,p receptor, the compound
BAY 60-6583 may offer more insight into the potential
role of this receptor in stimulating endothelial cell pro-
liferation [40].

Moreover, an in vivo study using mice showed that the
topical application of the selective adenosine A, receptor an-
tagonist DMPX (3,7-dimethyl-1-propargyl xanthine) did not
affect the rate of wound healing itself; however, it reversed the
effect of the selective adenosine A, receptor agonist
(CGS21680) on the rate of wound closure [23]. It should be
noted that DMPX and ZM 241385 are highly selective aden-
osine A, 4 receptor antagonists. Thus, both are able to reverse
the effect of the selective adenosine A, receptor agonist
(CGS-21680) [41].

This study also showed that the adenosine A; and A,p
receptor agonists stimulated the proliferation of EAhy926 en-
dothelial cells, an effect that was inhibited by their respective
adenosine receptor antagonists. The adenosine receptor sub-
types have been reported to stimulate cell proliferation and
wound healing in other in vitro studies, as well as in vivo
studies. The adenosine A; and A,p receptors have been re-
ported to regulate proliferation and cell differentiation in vas-
cular smooth muscle cells and to promote cell proliferation
and migration of endothelial cells in wound healing studies
using mice [37, 42, 43]. Moreover, the selective adenosine A
receptor agonist (CPA) has been shown to significantly in-
crease the proliferation of keratinocytes, fibroblasts and endo-
thelial cells using bromodeoxyuridine-labelled cells in an
in vivo wound healing study in mice [12]. The non-selective
adenosine A,p receptor agonist (NECA) stimulates retinal en-
dothelial cell angiogenesis, cell proliferation and cell migra-
tion as well as stimulating cAMP response element-binding
protein (CREB) and extracellular signal-regulated kinase
(ERK) signalling pathways associated with cell survival and
proliferation [44]. This same study also reported that selective
adenosine A,p receptor antagonists blocked the effect of
NECA and attenuated the proliferation of human retinal en-
dothelial cells, leading to abnormal angiogenesis as observed
in diabetic retinopathy [44].

Western blot results of this study determined that the pro-
tein expression of adenosine A, A, and A,p receptor sub-
types varies in the EAhy926 endothelial cells. This study
showed that the adenosine A,4 receptors are predominantly
expressed in EAhy926 endothelial cells when compared with
the adenosine A; and A,p receptors. The expression of aden-
osine receptor subtypes has been reported to vary in different
cell lines such as isolated cerebral arterial muscle cells
(CAMC:s), dermal fibroblast and human umbilical vein endo-
thelial cells (HUVECSs), human microvascular endothelial
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cell-1 (HMEC-1), and human and porcine coronary artery
endothelial cells [23]. The presence of the adenosine A,
Ajp, and Aj receptor subtypes was observed in cultured der-
mal fibroblasts and human umbilical vein endothelial cells
using the Western blot technique and reverse transcriptase
PCR which were expressed in both cell lines [23]. In contrast,
the adenosine A, receptor was only expressed in human um-
bilical vein endothelial cells (HUVECs) but not in dermal
fibroblasts [23]. Previous studies investigating the expression
of adenosine A, and A,g receptors reported that the adeno-
sine A4 receptors were the predominant subtype and highly
expressed in HUVECs and human and porcine coronary ar-
tery endothelial cells [38, 45]. This confirms our work as the
EAhy926 endothelial cells are derived from HUVEC lines. In
contrast, the expression of adenosine A,p receptors was
higher in human retinal microvascular endothelial cells and
in HMEC-1 [38, 46, 47]. Feoktistov et al. [38] suggested that
the adenosine receptor populations might depend on the loca-
tion in the vasculature, with the adenosine A, receptor sub-
types predominantly expressed in endothelial cells lining large
conduit vessels while the adenosine A,p receptor subtypes
were mainly expressed in endothelial cells lining capillaries
[38].

Conclusion

Adenosine A, A,a and A,p receptor agonists (CPA,
CGS21680 and NECA + ZM241385) significantly increased
the rate of the wound healing and cell proliferation in
EAhy926 endothelial cells. This work shows that all three
adenosine receptors can individually stimulate cell prolifera-
tion and wound healing in the EA.hy926 endothelial cells and
probably all contribute to wound healing when endogenous
adenosine is released. However, adenosine A; receptor ago-
nists or allosteric modulators may be the most efficacious
compounds to promote wound healing.
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