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Abstract

Angiogenesis is critical to wound repair due to its role in providing oxygen and nutrients that are required to support the growth and
function of reparative cells in damaged tissues. Adenosine receptors are claimed to be of paramount importance in driving wound
angiogenesis by inducing VEGF. However, the underlying mechanisms for the regulation of adenosine receptors in VEGF as well
as eNOS remain poorly understood. In the present study, we found that adenosine and the non-selective adenosine receptor
agonists (NECA) induced tube formation in HMEC-1 in a dose-dependent manner. Adenosine or NECA (10 umol/L) significantly
augmented the number and length of the segments in comparison with the control. Simultaneously, VEGF and eNOS were
significantly upregulated following the administration of 10 umol/L NECA, while they were suppressed after A,g AR genetic
silencing and pharmacological inhibition by MRS1754. In addition, VEGF expression and eNOS bioavailability elimination signifi-
cantly reduced the formation of capillary-like structures. Furthermore, the activation of A,g AR by NECA significantly increased the
intracellular cAMP levels and concomitant CREB phosphorylation, eventually leading to the production of VEGF in HMEC-1.
However, the activated PKA-CREB pathway seemed to be invalidated in the induction of eNOS. Moreover, we found that the
elicited PISK/AKT signaling in response to the induction of NECA assisted in regulating eNOS but failed to impact on VEGF
generation. In conclusion, the Aog AR activation-driven angiogenesis via cAMP-PKA-CREB mediated VEGF production and PI3K/
AKT-dependent upregulation of eNOS in HMEC-1.
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Introduction ?

regulators of normal and pathological angiogenesis.
VEGE, released immediately after injury, is of paramount
importance in driving wound angiogenesis. It can stimulate
proliferation and migration of vascular endothelial cells and
increase the permeability of vessels as well as the differen-
tiation of endothelial cells into new capillary tubes.*”
Furthermore, genetic deletion of endothelial NO synthase
(eNOS) has been shown to result in the impairment of
angiogenesis in a mouse model of hindlimb ischemia, and
NOS2 has been identified as being involved in angiogenic
signaling in the healing of skin wounds.®

Adenosine receptors (AR), including A;, Aya, Asp, and
Aj, are expressed in multiple tissues and cells, including
endothelial cells in a tissue-dependent pattern, and this dif-
ferential expression of adenosine receptor isoforms contrib-
utes to the functional heterogeneity of human endothelial

Traumatic digit amputations are one of the occupational
injuries that often occur in young productive patients, rep-
resenting 1% of all trauma attendances." Microvascular
replantation and neurovascular remodeling play pivotal
roles in the structural and functional reconstruction of the
replanted digits and wound healing and repair of the
damaged tissues. In the past decades, more effort has
been dedicated to understanding the formation of new
blood vessels from the preexisting vasculature via angio-
genesis, which is indispensable for successful ischemic
wound restoration.” The early stages of angiogenesis pro-
ceed with capillary formation and the initiation of sprouting
into the wound bed by endothelial cell proliferation and
migration in response to diverse cytokines and metabolic
stimulus. Vascular endothelial growth factor (VEGF) and

nitric oxide (NO) are acknowledged to be the two key
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cells. Among all the ARs, A2B has been observed to be
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preferentially expressed in human microvascular endothe-
lial cells (HMEC).” Simultaneously, emerging evidence has
extended the role of AR to angiogenesis during wound
healing and even tumor growth. The activation of AR,
either by adenosine or the corresponding agonist, can
drive physiologic and pathologic angiogenesis by suppress-
ing antiangiogenic factor production while enhancing
angiogenic factor production.® An in vivo study found
that an intravenous infusion of adenosine can increase
plasma levels of VEGF in humans, despite being performed
in a relatively small population.” In addition, A,z AR acti-
vation is implicated in the promotion of angiogenesis and
release of VEGF from HMEC, while it has been clarified that
Aj s AR stimulates VEGF gene expression in response to the
hypoxia-induced accumulation of adenosine in retinal vas-
cular cells.”'®™ Moreover, it is validated that adenosine
activates eNOS via A,5 AR in the nucleus tractus solitarii
of rats, while NOS mediates A,z AR-induced renal vaso-
dilation in female rats.">"?

Although the role of Az AR in angiogenesis has been
subjected to studies, the underlying mechanism for the
regulation of Ayg AR on VEGF secretion and NOS activa-
tion is poorly revealed. In the current study, we sought to
evaluate whether A, AR is responsible for the modulation
of VEGF and NOS, and then investigate the potential sig-
naling pathways involving their regulation, which will
facilitate the development of new strategies for the treat-
ment of traumatic digit replantation and restoration of
damaged tissues.

Materials and methods
Cell culture and treatment

HMEC-1 cells were obtained from the American Type
Culture Collection and cultured as recommended in
MCDB131 medium (GIBCO, Grand Island, NY) containing
10mM L-glutamine, antibiotics (100 U/ml penicillin and
100 g/ ml streptomycin), and 10% FBS at 37°C in a humidi-
fied 5% CO, incubator. Cells were pretreated with 1 U/ml
of adenosine deaminase (Calbiochem) to remove endogen-
ously produced adenosine. Exogenous adenosine or
adenosine receptor agonist NECA was purchased from
Sigma-Aldrich and applied at a concentration ranging
from 0.1 to 20 pmol/L and 0.1 to 100 pmol/L, respectively.
For the analysis of cellular signaling cascades on the modu-
lation of VEGF and eNOS, the HMEC-1 cells were incu-
bated with cAMP activator 8CPT-2Me-cAMP, PKA
inhibitor H-89 (10 M) or LY294002 (a specific PI3K inhibi-
tor) for 2 h before the addition of NECA.

Tube formation assay

Endothelial cell tube formation assay is a useful indicator of
angiogenesis potential. Proliferation and migration of endo-
thelial cell in response to diverse cytokines and metabolic
stimulus drive the capillary formation and the initiation of
sprouting, which are hallmark of early angiogenesis. In the
current study, tube formation assay was performed as pre-
viously described.’ In brief, HMEC-1 cells (1.5 x 10* cells
per well) were seeded onto a 96-well plate pre-coated with

Matrigel (50 pl) and cultured under normal culture condi-
tions. At the same time, various concentrations of adenosine
(0.1-20 pmol/L) or NECA (0.1-100 pmol/L) were added to
the cell cultures and incubated for 24 h. After being fixed
with 70% ice-cold ethanol, the formed network of tubes
were visualized at 100 x magnification by light microscopy.
The total number and length of tubes following different
treatments were analyzed by Image-Pro Plus 6.0 software
(Rockville, MD, USA). Each individual experiment was per-
formed in triplicate.

RT-PCR

RT-PCR was performed to investigate the expression of
VEGF and eNOS. HMEC-1 cells were separately incubated
with 10 pmol/L CPA (Asa AR selective agonist), 10 pmol/L
NECA, and 10 pmol/L MRS1754 (A, AR inhibitor) for 24 h.
Total RNA was isolated and purified using an RNeasy Plus
Universal Kit, according to the manufacturer’s instructions
(Qiagen, Santa Clara, CA, USA). RNA (1.5 nug) was reverse
transcribed into cDNA that was utilized as a template in the
subsequent RT-PCR amplifications using a SYBR Green
Real-Time PCR Master Mix kit (Takara Biotechnology,
Dalian, China). VEGF primers (sense 5-CTACCTCCAC
CATGCCAAGT-3; anti-sense 5-GCAGTAGCTGCGCT
GATAGA-3) and an eNOS primer (sense 5-TTCCG
GCTG-CCACCTGATCCTAA-3’; anti-sense 5-AACATA
TGTCCTTGC-TCAAGGCA-3") were used, with GAPDH
primers (sense 5-GCCAAAAGGGTCATCATCTC-3’; anti-
sense 5-GTAGAGGCAGGGATGATGTTC-3") as the inter-
nal control (Shanghai Biological Engineering Co., Ltd,
China). The amplification cycles were as follows: 94°C for
3 min, then 33 cycles at 94°C for 1min, 58°C for 1 min, and
72°C for 1.5min, followed by 72°C for 15 min. Aliquots of
the PCR products were electrophoresed on 1.5% agarose
gels, and PCR fragments were visualized by ethidium
bromide staining. Real-time PCR experiments for each
gene were performed on three separate occasions.

siRNA transfection

The construction of siRNA corresponding to the A,z AR
gene coding region was performed, as described previ-
ously.15 The Asp AR siRNA sense and antisense sequences
were  5-ACCTCAACCGAGACTTCCGCTACACTTCAA
GAGAGTGTAGCGGAAGTCTCGGTTTT-3 (sense) and 3'-
CAAAAAAACCGAGACTTCCGCTACACTCTCITGAAGT
GTAGCGGAAGTCTCGGTTG-Y (antisense). The VEGF
siRNA sense and antisense sequences were: 5-CCA
ACAUCACCAUGCAGAUdTAT-3" (sense) and 5-AUCU
GCAUGGUGAUGUUGGATAT-3' (antisense). All of the
siRNA duplexes were provided by Sangon Biotech Co. Ltd.
The HMEC-1 cell line was seeded in a six-well plate at 5 x 10°
cells per well, grown for 24h, and then transfected with
200nmol/L A2B AR siRNA wusing oligofectamine and
RPMI-1640 reduced serum medium (Invitrogen Life
Technologies Inc., Carlsbad, California, USA) according to
the manufacturer’s instructions. Silencing was measured
48h after the transfection. Control cells were treated with
oligofectamine carrying scrambled siRNA and serum-
reduced medium (mock).
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Effects of adenosine and NECA on the tube formation of HMEC-1. HMEC-1 cells were seeded in a 96-well plate pre-coated with Matrigel and were

stimulated with a series of A,g receptor agonist adenosine and NECA for 24 h. Representative light microscopy images of tube formation and tubule number (A, C) and
length (B, D) were determined after the stimulation of adenosine and NECA. Data are presented as mean + standard error of the mean based on three independent
experiments. Bar =200 um; *P < 0.05 compared with control in the absence of either adenosine or NECA

ELISA

Secreted VEGF was detected from the supernatant of cell
cultures using Human VEGF Quantikine ELISA Kit (R&D
Systems Europe Ltd., Oxon, UK) according to the manufac-
turer’s protocols.

Western blot

For analysis of the expression of eNOS, CREB, pCREB, Akt,
and pAKT (5473) in response to various treatments using
Western blot, and total cell lysates were subjected to SDS-
PAGE and subsequently transferred to a polyvinylidene
fluoride (PVDF) membrane. Immunodetection was per-
formed by the incubation with antibodies to eNOS
(Millipore Corporation, Billerica, MA, USA), CREB/pCREB

(5133), and AKT/pAKT (5473) (Cell Signaling Technology,
MA, USA). Labeled proteins were visualized using
Amersham Western blot detection reagent (GE Healthcare).

Determination of cAMP concentration

The total concentration of cAMP in HMEC-1 cells was eval-
uated using cAMP Biotrak Enzyme Immunoassay
(Amersham Biosciences, Piscataway, NJ, USA). A total of
2.5 x 10° HMEC-1 cells were seeded in 96-well plates and
incubated with NECA, MRS 1754 or forskolin (10 uM for
each reagent) overnight at standard culture conditions
(37°C, 5% COy,), and cAMP determination was performed
according to the manufacturer’s protocols.



Du et al. Adenosine Ayp receptor stimulates angiogenesis in HMEC-1 cells 1475
(A) 3.6 (B)12o -
3.2 4 * *
g 28] 1007
5 ]
8 2.4 . 80
=} 1 -}
S 2.0 E
< 16 # £ 00
[+ 1 - 5 #
E 1.2 =
W 40 # . -
w ]
I > —_ %
= 0.4- 20 %
0-0 Control NECA . CPA o b 4
28 i A, si-ctrl A, siRNA MRS1754
(&) =] (D)
2.4 =
°
£ 20/ NECA
o
; 1.6 # A2B A2B
3 o # x Control . MRs1754 CPA
= ok si-Control siRNA
£ 121 %
% o - / Total eNOS cos P ——— .  ———
8 / eNOS/[(-actin 059 1.26 0.46 0.51 0.45
Z 0.4 /
s % B-actin T T E— R —
4 T
Control NECA+ NECA+ NECA+ CPA
A, si-ctrl A, SIRNA MRS1754
(E) (F) 300
B n _- K
N 4 270+
= 74 o i .
g ] @ 240
= ] E
g 6 55 210
o 1 s e 1
g 54 = & 180 4 #
o 1 # 2 S 1 =
2 4 - =S5 15041
£ ] S = ] #it
5 5 - - = 120 ] - ## —
@ 4 H## - = =
g 2. 24 —— E 90 E y
Ei 7 S /
14 / 1 /
30
0 1 T A 0 ] T 4
Control  NECA+ NECA+ NECA+ NECA+
5 ) . Control  NECA+ NECA+ NECA+ NECA+
VEGFsi-ctrl VEGF siRNAVEGF mAb  L-NAME oM VEGFsictrl VEGF SIRNAVEGF mAb  L-NAME

Figure 2 A,g receptor is involved in the NECA-induced expression of VEGF and eNOS. RT-PCR analysis of VEGF (A) and eNOS (C) mRNA in response to pre-
treatments with NECA (10 umol/L), alone or combined with A,g receptor siRNA and its antagonist MRS1754 as well as A, agonist CPA. ELISA and Western blotting
were performed to determine the secreted VEGF (B) and expression of eNOS (D), respectively. VEGF antibody or siRNA and eNOS inhibitor L-NAME reduced tubule
number (E) and length (F) in HMEC-1. Data are presented as mean =+ standard error of the mean based on three independent experiments, *P < 0.05, **P < 0.01
compared with control in the absence of NECA (10 umol/L). *P < 0.05, #P < 0.01 compared with NECA-treated HMEC-1 transfected A,g receptor siRNA

Statistical analysis

Data are presented as mean =+ standard error of the mean.
Differences were compared by analysis of variance fol-
lowed by Bonferroni test. A P value <0.05 was considered
statistically significant. All statistical tests were performed
using SPSS, v. 13.0 (SPSS Inc., Chicago, IL, USA).

Results

Adenosine and NECA increase tube formation of
HMEC-1

To investigate the effects of adenosine receptor activation on
angiogenesis, various doses of non-selective adenosine
receptor (Aa/Ajsp) agonists, including adenosine and
NECA, were added to the HMEC-1 cell cultures and the
formation of capillary-like structures were determined. As
shown in Figure 1(A) and (B), the number of segments and
segment lengths were significantly increased in response to
10 umol/L adenosine and 100 umol/L adenosine had

comparable effects, while 0.1 and 1.0 umol/L adenosine
had no obvious impact on tube formation. Similarly,
NECA also induced the increase of capillary-like structures
in a similar manner as adenosine, and 10 pmol/L signifi-
cantly augmented the number and length of the segments in
comparison with the control (Figure 1(C) and (D)).

Aog AR is involved in NECA-induced upregulation of
VEGF and eNOS

VEGF and eNOS are two key determinants in angiogenesis;
their expression in response to NECA was evaluated by RT-
PCR and ELISA as well as western blotting, respectively.
VEGF and eNOS were significantly upregulated following
the administration of 10 pmol/L NECA, while A, AR
selective agonist CPA failed to enhance the expression of
VEGF and eNOS. The increased VEGF and eNOS induced
by NECA were mitigated after the silencing of A AR in
HMEC-1 cells by the blockade of Az AR antibody and the
administration of A,z AR inhibitor MRS1754; therefore,
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Figure 3 cAMP-PKA-CREB pathway is account for the upregulation of VEGF. (A) Accumulation of cAMP induced by the activator Forskolin, NECA or MRS 1754,
alone and in combination, in HMEC-1 cells and A,g receptor siRNA transfected HMEC-1. (B) Western blotting analysis of pPCREB/CREB after incubation with NECA,
MRS1754 as well as PKA inhibitor H89. VEGF (C) and eNOS (D) levels after incubation with cAMP activator 8CPT-2Me-cAMP and H89. Data are presented as
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#P <0.05, #P < 0.01 compared with NECA-treated HMEC-1 cells

NECA-induced upregulation of VEGF and eNOS was blockage of eNOS with L-NAME (100 uM, 24h) signifi-
mediated by Ay AR rather than A5 AR (Figure 2(A-D)). cantly reduced the NECA-induced tube formation of
In addition, the inhibition of VEGF after the transfection of =~ HMEC-1 as reflected in the decreased number and length
VEGF siRNA and incubation with VEGF antibody or of the capillary-like structures in Figure 2(E) and (F).
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Figure 4 PI3K-AKT cascade is involved in the induction of eNOS. (A) Western analysis and quantification of pAKT (S473) in response to the treatments with NECA and
MRS 1754. (B) Inhibition of PI3K-AKT signaling on the expression of eNOS was evaluated using western blotting. *P < 0.05 compared with control in the absence of
NECA (10 umol/L). *P < 0.05, **P < 0.01 compared with NECA-treated HMEC-1 cells

cAMP-PKA-CREB pathway is involved in the regulation
of VEGF in HMEC-1 cells

To determine whether Ayp AR is implicated in the regula-
tion of intracellular cAMP, we evaluated the concentration
of cAMP in HMEC-1 cells. The results showed that
10 pmol/L Forscolin (a well-established inducer of cAMP)
significantly increased the accumulation of cAMP; likewise,
NECA also significantly enhanced the production of cAMP
compared with the control (P < 0.01). The incubation of Ajp
AR inhibitor MRS1754 or the introduction of Asg AR siRNA
significantly attenuated intracellular cAMP induced by
NECA in HMEC-1 cells (Figure 3(A)). We then assessed
the effects of its downstream PKA-CREB signaling on the
modulation of VEGF and eNOS. Compared to the untreated
control, pCREB/CREB was significantly elevated in the
presence of NECA while reduced following treatment
with MRS1754. At the same time, PKA blockage with H-
89 (10uM) significantly abrogated the NECA-induced
phosphorylation of CREB (Figure 3(B)). We observed the
regulation of cAMP-PKA-CREB signaling on the expression
of VEGF and eNOS using ELISA and western blotting,
respectively, as shown in Figure 3(C), cAMP activator
8CPT-2Me-cAMP further enhanced the expression of
VEGF compared to the sole incubation of NECA. H-89 sig-
nificantly suppressed the NECA-induced VEGF overex-
pression (P <0.05). However, the upregulation of eNOS
stimulated by NECA did not significantly change either in
the presence of 8CPT-2Me-cAMP or H-89 (Figure 3(D)).

PIBK/AKT signaling accounts for the regulation of eNOS

NECA-induced upregulation of eNOS is independent of the
PKA-CREB cascade; therefore, we intended to clarify
whether PI3K/AKT signaling mediated the induction of
NECA on eNOS. We found that NECA triggered the

PI3K/AKT pathway by promoting the phosphorylation of
AKT (S473), while MRS1754 inhibited the presentation of
pAKT (5473) induced by NECA (Figure 4(A)). Moreover,
eNOS significantly diminished in response to the cul-
tur compared to NECA as the sole treatment (Figure 4(B)).

Discussion

Angiogenesis is initiated through a convergence of diverse
signaling mechanisms involving prominent pathways that
include the autocrine effects of eNOS-derived NO and
VEGF." Moreover, AR have attracted attention for their
contribution to angiogenesis. However, the underlying
mechanism regarding the modulation of AR on the secre-
tion of VEGF and NO remain unrevealed. Our study has
suggested that A is responsible for the onset of angiogen-
esis by synergistically activating cAMP-PKA-CREB-
mediated VEGF and PI3K/ AKT-mediated eNOS.

Asp AR subtype displays low affinity with the endogen-
ous agonist compared with the A;, Ay, and Aj subtypes,
and is activated in response to the higher concentrations of
adenosine following tissue damage such as ischemia and
inflammation.'” In this work, we also found that A,y AR
agonists at lower concentration than 0.1 or 1 uM are unable
to obviously stimulate the tube formation in wvitro.
Therefore, the A,z AR represents a potential target for
pharmacological repair of damaged tissues. Adenosine is
an important endogenous purine nucleoside and acts as a
metabolic sensing molecule, which is currently utilized in
the clinical treatment of supraventricular tachycardia or as a
coronary vasodilator during radionuclide myocardial per-
fusion imaging.'® Related data has revealed that adenosine
is produced following the induction of hypoxia and ische-
mia and accumulated at the sites of tissue injury,
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inflammation, and local hypoxia."”9 Moreover, it is well-
established that VEGF is induced when the tissue is sub-
jected to hypoxia and ischemic attack. The association of
adenosine and VEGEF secretion dependent on Ays or Ayp
AR is also documented in multiple studies.’>?! In this
study, we found that A,p rather than A, AR is implicated
in the adenosine and NECA elicited upregulation of VEGF,
based on the observation that an A5 AR agonist CPA
exerted a negligible effect on the expression of VEGF. In
addition, A,g has been observed to be preferentially
expressed in human microvascular endothelial cells.
Simultaneously, activation of A,g AR also promotes eNOS
expression, which is involved in angiogenesis by triggering
NO synthesis and stimulating the central EGF-R signaling
pathway.*

Ajp AR belongs to the G protein-coupled receptor family
and is clarified as a G, protein that accounts for the increase
of classical intracellular second messenger cAMP. It has
been demonstrated that A,, and A,z AR activate the
cAMP/PKA pathway and mediate TSP-1 production in
macrophages.” In addition, activation of A, receptors pro-
motes the phosphorylation of CREB in trophoblast cells.**
In the current study, we identified that A,p receptors elicit
the increase of the intracellular cAMP level, then PKA is
activated and diffuses into the nucleus to phosphorylate
CREB. Moreover, the transcription factor pCREB contribu-
ted to the expression of VEGF, as demonstrated by the
pharmacological (Ado agonists and antagonists) and gen-
etic (siRNA) tools, which is in accordance with the previous
reports that the PKA /CREB pathway is closely involved in
VEGF expression in mouse macrophages.” Additionally, a
more recent study has revealed that A, AR-dependent
stimulation of VEGF production is attributed to the JunB
binding to the VEGF promoter in HMEC-1 cells."”
Therefore, the cAMP-PKA-CREB cascade represents one
of the vital signaling pathways in A,g-mediated angiogen-
esis, and further investigation of this is needed.
Furthermore, we found that the suppression of PKA or acti-
vation of cAMP did not alter the expression of eNOS, indi-
cating that cAMP-PKA-CREB was not indispensable to the
modulation of eNOS. We then focused on the PI3K/AKT
pathway in the regulation of eNOS; the results showed that
the pAKT/AKT increased when the A,g AR was activated
and the phosphorylation of AKT facilitates the expression
of eNOS. An interesting study has reported that increased
angiogenesis in HUVEC-C are mediated by the PI3K-Akt-
eNOS signal pathway following simulated microgravity.®

Above all, the present study showed that A,g partici-
pated in the adenosine or NECA-induced angiogenesis in
HMEC-1 cells by upregulating VEGF and eNOS, and
cAMP-PKA-CREB is responsible for the modulation of
VEGEF, while A,p mediated eNOS expression is dependent
of the activation of PI3BK-AKT signaling. However, the
angiopreventive potential of the crosstalk of cAMP-PKA-
CREB-VEGF and PI3K-AKT-eNOS in response to A,p war-
rants further investigation.
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