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Abstract 
Gestational diabetes mellitus (GDM) is a pregnancy condition that leads to 

alterations in the fetoplacental vasculature. GDM is not only characterized by 
maternal hyperglycemia but also an increased circulant proinflammatory cytokines, 
altered nitric oxide synthesis and impaired angiogenesis in the fetoplacental 
vasculature. All these phenomena are in part regulated by adenosine, which is 
altered by high D-glucose and diabetes. In this study we evaluated the effect of 
incubation of human umbilical vein endothelial cells (HUVECs) with high D- 
glucose, as a model for the GDM fetoplacental vasculature, in the expression of 
markers of endothelial inflammation (Interleukin 8 (IL-8), intercellular adhesion 
molecule 1 (ICAM-1), E-Selectin (E-Sel) and tumor necrosis factor alpha (TNF-⍺) 
receptor 1 (TNFR1) and TNF-⍺, endothelial dysfunction (endothelial NO synthase 
(eNOS) and human cationic amino acid transporter 1 (hCAT-1)) and angiogenesis 
(vascular endothelial growth factor A (VEGFA) and VEGF receptor 2 (VEGFR2). 
Moreover, we performed a wound healing assay in order to test the migratory 
capacity of HUVECs. Furthermore, we explored the possible role of adenosine 
kinase (AK) in these high D-glucose-induced effects in HUVECs. HUVECs from 
uncomplicated pregnancies were provided by the Endothelial Cell Facility of the 
UMCG. Cells were isolated with collagenase digestion and cultured in RPMI 
medium supplemented with basal (5.5 mmol/L) glucose. Cells in passage 3 at 80% 
confluence were exposed (24 hours) to basal or high D-glucose (25 mmol/L) in the 
presence or absence of ABT-702 (2 µmol/L, AK inhibitor). The mRNA expression 
was evaluated by RT-qPCR. TNF-⍺ was measured in HUVECs supernatant  
obtained after 24 h of incubation. Wound healing assay was performed in cells after 
24 h incubation with the previously mentioned conditions and followed up to 6 h. 
We found that high D-glucose increases the mRNA level of IL-8, ICAM-1, E-Sel, 
TNFR1, eNOS and hCAT1 in comparison to HUVECs treated with basal D-glucose. 
Moreover, with regards VEGFA and VEGFR2 mRNA levels and the wound healing 
assay, we did not find differences between HUVECs treated with basal and high D- 
glucose. Regarding the role of AK, we found that the effect of the AK inhibitor, 
ABT-702, reduced the increased mRNA of TNFR1 triggered by high D-glucose. 
However, ABT-702 increased the effect of high D-glucose in terms of hCAT-1 
mRNA level. Moreover, a significant interaction between the level of glucose and 
ABT-702 was found regarding the TNF-⍺ levels in HUVECs supernatant. 
Additionally, AK inhibition increased the wound healing in HUVECs exposed to 
basal D-glucose. These results suggest that high D-glucose can induce endothelial 
activation and endothelial dysfunction in a similar manner to GDM. Moreover, AK 
inhibition may play a beneficial role in some of the alterations induced by high D- 
glucose in the fetoplacental vasculature. 
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Introduction 
The hallmark and main diagnostic criteria of GDM is maternal 

hyperglycemia with onset during the second or third trimester of 
pregnancy [1]. In GDM pregnancies, maternal hyperglycemia results 
in fetal hyperglycemia [2,3]. GDM is associated with a higher 
cardiovascular risk in the offspring [4,5]. These long term effect of 
GDM on the offspring may be the results of fetoplacental endothelial 
dysfunction [6,7], endothelial inflammation [8] and impaired 
angiogenesis [9–12], which have been described in placental tissues 
from women with GDM. These fetoplacental alterations may be 
induced by the hyperglycemia[13,14]. 

Adenosine is a nucleoside that can exert a myriad of effects in 
the endothelium, mainly via binding to adenosine receptors [15–17]. 
Adenosine is an anti-inflammatory molecule [18,19]. It induces 
vasodilation in a NO-dependent manner via the adenosine/L- 
arginine/nitric oxide pathway (ALANO) [20]. Moreover, adenosine 
can stimulate angiogenesis [21]. The fetoplacental vasculature of 
GDM patients displays inflammation [22,23], increased NO synthesis 
[24], increased angiogenesis [25]. Additionally, an abnormal 
adenosine metabolism and signaling have been described in GDM 
fetoplacental vasculature endothelium [7,26,27]. Moreover, 
hyperglycemia and diabetes mellitus are associated with changes in 
adenosine kinase (AK), one of the main adenosine level regulators 
[28–30]. However, the possible role of this enzyme in the GDM- 
induced fetoplacental vasculature alterations triggered by high 
glucose and GDM is yet unknown. 

In this study we evaluated the effect of incubation of human 
umbilical vein endothelial cells (HUVECs) with high D-glucose, as a 
model for the GDM fetoplacental vasculature, in the expression of 
markers of endothelial inflammation, dysfunction and angiogenesis, 
and we explored the possible role of adenosine kinase in these high 
D-glucose-induced effects in HUVECs. 

 
Materials and methods 
Cell culture and conditions 

HUVECs from uncomplicated pregnancies were provided by the 
Endothelial Cell Facility of the UMCG (Groningen, Netherlands). 
HUVECs were isolated by collagenase digestion (0.25mg/mL 
Collagenase Type II from Clostridium histolyticum (Boehringer, 
Mannheim, Germany), as previously described [8]. HUVECs were 
cultured in 5.5mmol/L D-glucose RPMI-1640 medium (Lonza, Basel, 
Switzerland) supplemented with 2 mmol/L L-glutamine, 5 U/mL 
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heparin, 100 IE/mL penicillin, 100 µg/mL streptomycin, 50 µg/mL 
crude ECGF solution, and 20% fetal calf serum (FCS) (37 °C, 5% 
CO2) on 1% gelatin-precoated tissue culture flasks (Corning® 
Costar®; Sigma-Aldrich, Zwijndrecht, The Netherlands). Cells in 
passage 3 at approximately 80% confluence were washed and 
exposed for 24 hours (h) to basal (5.5 mmol/L) (BG) or high (25 
mmol/L) (HG) D-glucose, in the presence or the absence of the 
adenosine kinase inhibitor, ABT-702 (5-(3-Bromophenyl)-7-[6-(4- 
morpholinyl)-3-pyrido[2,3-d]byrimidin-4-amine dihydrochloride) 
(Axon Medchem, Groningen, The Netherlands) (prepared in dimethyl 
sulfoxide (DMSO; vehicle)) at 2 µmol/L. DMSO with or without 
(vehicle) ABT-702 was used at a concentration of 0.1%. 

 
RNA isolation 

After 24 hr incubation, HUVECs were washed (2 times) in cold 
Dulbecco’s phosphate buffer saline (DPBS) (Gibco, Gaithersburg, 
MD, USA), then RNA was isolated using AllPrep DNA/RNA Mini Kit 
(Qiagen, Venlo, The Netherlands) as described by the manufacturer. 
RNA concentration and purity were measured with NanoDrop ND-
100 UV-Vis spectrophotometer (NanoDrop  Technologies, 
Wilmington, DE, USA). 

 
Reverse transcriptase reaction 

The reverse transcriptase (RT) reaction was performed using 
500 ng of total RNA following a standard protocol. Briefly, RNA was 
incubated with 300 ng of random hexamer primers and 10 mmol/L 
dNTP for 5 minutes at 65 ºC and followed by cooling down the 
samples on ice. After this, 5x First-Strand buffer, 0.1 DTT, 
RNaseOUT (recombinant ribonuclease inhibitor) (40 units/µL) and 
superscript II (200 units) (Thermo Fisher Scientific Inc., Landsmeer, 
The Netherlands) were added obtaining a final volume of 20 µL. The 
mix was then incubated using a T100™ Thermal Cycler (Bio-Rad, 
California, USA) at 25 ºC for 10 minutes, 42 ºC for 50 minutes and 70 
ºC for 15 minutes. The cDNA product (approximately 25 ng/µL) was 
stored at -20 ºC until use. 

 
Quantitative PCR (qPCR) 

Total cDNA (25 ng/µL) was diluted 20 times with RNAse-free 
water and then 5 µL (approximately 6.25 ng) was mixed with 
FastStart Universal SYBR Green Master (Roche Diagnostics, Basel, 
Switzerland). SYBR green forward and reverse primers (6 µmol/L) 
were used at a final concentration of 300 nmol/L. qPCR for 
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endothelial NO synthase (eNOS), human cationic amino acid 
transporter 1 (hCAT-1), intercellular molecule 1 (ICAM-1), interleukin 
8 (IL-8), E-Selectin (E-Sel), TNF-⍺ receptor 1 (TNFR1), vascular 
endothelial growth factor A (VEGFA) and VEGF receptor 2 
(VEGFR2)was performed in ViiA 7 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA) with a cycling protocol as follows: 
40 cycles of 15 seconds at 95 ºC for denaturation, 30 seconds at 60 ºC 
(for eNOS, IL-8, TNFR1, VEGFA and VEGFR2) or 56 ºC (for hCAT-1 
and ICAM-1) for primer annealing and 30 seconds of extension at 72 
ºC including also a melting curve. The primer annealing temperature 
and primer efficiency were determined using a 5-points standard 
curve obtained from a pool of the total cDNA diluted 5 to 80 times. 
Efficiency reaction of 90-110% was considered as acceptable. For 
detailed primer sequence see Table 1. Geometric mean Ct of BACTIN 
and GAPDH were used as housekeeping genes (HKG). Changes in 
expression were analyzed using the following expression 2-(Ct gene 
of interest-Ct HKG). 

TNF-⍺ measurement 
HUVECs were exposed to basal and high D-glucose in the 

presence and the absence of ABT-702 for 24 hours. 1 mL of HUVECs 
supernatants were collected from every condition and TNF-⍺ 
concentration was analyzed by enzyme-linked immunosorbent assay 
(ELISA) (R & D Systems, Minneapolis, MN, USA) following the 
manufacturer instructions. The blank was subtracted from the 
samples. Samples lower than the blank were included as 0 pg/mL 
TNF-⍺. 

 
Wound healing assay 

HUVECs were seeded in 6 wells plates (Corning® Costar®; 
Sigma- Aldrich, Zwijndrecht, The Netherlands) and the assay was 
performed as described [8]. Briefly, cells at approximately 80% 
confluency were exposed during 24 h to basal and high D-glucose in 
the presence or absence of ABT-702, as described above. After this 
time, 100% confluency was reached, and a cross-shaped scratch was 
performed with a sterile pipet tip. Cells were subsequently washed 
with PBS and the medium was refreshed maintaining the respective 
conditions. Photographs from the same area were taken using a Leica 
MC 120 HD camera  (Leica  Microsystems, Amsterdam, The 
Netherlands) at 0, 2, 3, 4, 5 and 6 h after the scratch to evaluate the 
wound area. The wound area was measured using ImageJ (https:// 
imagej.nih.gov/ij/index.html). For each condition, the wound area at 
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0 h was considered as 100% and the reduction in the wound area in 
the different time intervals was expressed respectively to the 100% in 
time 0 h. The data obtained was plot and the area under the curve 
(AUC) was calculated as a representative of the total wound closure  
in 6 hrs. 

 
Statistical analysis 

Data were analyzed using GraphPad Prism software (version 
7a, San Diego) [8]. For comparison between two groups, data were 
log-transformed and paired t-tests were used. For evaluating the 
effect of basal and high D-glucose with or without ABT-702, two-way 
ANOVA test was used. For post hoc test, Sidak adjustment was used. 
ROUT outlier test was performed with Q =1%. Data are shown as 
mean ± S.E.M. A p-value ≤ 0.05 was considered to be statistically 
significant and a p-value <0.1 was considered as a trend. 

 

 
Abbreviations: BACTIN, beta-actin (gene, ACTB); (E-Sel, E-selectin (gene: 
SELE); eNOS, endothelial nitric oxide synthase (gene: NOS3); GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase (gene, GAPDH); hCAT-1, human 
cationic amino acid transporter 1 (gene, SLC7A1); ICAM-1, intercellular adhesion 
molecule 1 (gene, ICAM1); IL-8, interleukin-8 (gene, CXCL8); TNFR1, tumor 
necrosis factor receptor 1 (gene, TNFRSF1A); VEGFA, vascular endothelial 
growth factor A (gene, VEGFA); VEGFR2, Vascular Endothelial Growth Factor 
Receptor 2 (gene, KDR). 
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Results 
High glucose increased endothelial inflammation and dysfunction 
markers in HUVECs. 

Endothelial activation and endothelial dysfunction are both 
common features of the fetoplacental endothelium in GDM. In 
HUVECs exposed to high D-glucose an increased mRNA level of 
ICAM-1 (Fig. 1a), interleukin 8 (IL-8) (Fig. 1a), E-selectin (E-Sel) 
(Fig. 1a) and TNF-⍺ receptor 1 (TNFR1) (Fig. 1a) were found in 
comparison to basal D-glucose exposed HUVECs. Additionally, 
mRNA expression of endothelial nitric oxide (NO) synthase (eNOS) 
(Fig. 2a) and human cationic amino acid transporter 1 (hCAT-1) (Fig 
2b), both involved in the synthesis of NO, were increased after the 
treatment with high D-glucose. 

 
High glucose did not induce changes in angiogenesis markers. 

In HUVECs incubated with high D-glucose, we did not find 
differences in the mRNA expression of vascular endothelial growth 
factor A (VEGFA) (Fig. 3a) and the vascular endothelial growth factor 
receptor 2 (VEGFR2) (Fig. 3b) as compared with HUVECs incubated 
with basal D-glucose. Moreover, we performed a wound healing assay 
to functionally demonstrate that high D-glucose could alter the 
wound healing of HUVECs. After 24h of incubation with high glucose 
level, we did not find differences between basal and high D-glucose 
treatment in the wound healing from 0 to 6 h (Fig. 3c and 3d). 

 
Role of adenosine kinase activity in high D-glucose-induced 
inflammation. 

Adenosine is known to have anti-inflammatory properties, 
therefore we tested whether inhibition of its major regulator, AK, 
which increases intra- and extracellular cellular adenosine 
concentrations,  affected  the  high  D-glucose-induced   inflammatory 

Figure 1. High glucose increased 
endothelial inflammation in 
HUVECs. mRNA expression of a) 
intercellular adhesion molecule 1 
(ICAM-1), interleukin-8 (IL-8), E- 
Selectin (E-Sel) and TNF⍺ receptor 1 
(TNFR1) in HUVECs exposed to basal 
(BG) and high D-glucose (HG) (5.5 and 
25 mmol/L, respectively).  For all 
figures, paired t-test was performed. * 
p-value ≤0.05 vs. basal D-glucose. 
Values are mean S.E.M. (n= 13). 
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Figure 2. High glucose increased endothelial dysfunction markers in 
HUVECs. mRNA expression of a) endothelial nitric oxide synthase and b) 
human cationic amino acid transporter 1 (hCAT-1) in HUVECs exposed to basal 
(BG) and high D-glucose (HG) (5.5 and 25 mmol/L, respectively). For all figures, 
paired t-test was performed. * p-value ≤0.05 vs. basal D-glucose. Values are 
mean S.E.M. (n= 13). 

 

markers expression. A two-way ANOVA demonstrated a significant 
effect of high D-glucose on ICAM-1 and E-Sel expression (Fig. 3a and 
3e). Moreover, a trend in the interaction between glucose and the 
inhibitor in the case of IL-8 and a significant interaction in the case of 
TNFR1 was found (Fig. 3b and 3d, respectively), suggesting that for 
these markers, the ABT-702 response depends on the level of glucose. 
Post hoc analysis did not show significant differences in either high  
or basal D-glucose for the inhibition of AK with ABT-702 vs without 
inhibition of AK for ICAM-1, IL-8 and E-Sel (Fig 4a, b and c, 
respectively). The high D-glucose -induced increased TNFR1 
expression was significantly reduced by the treatment with ABT-702. 
This was not the case in the basal D-glucose control (Fig. 4d). 

Furthermore, we evaluated whether high D-glucose and the 
inhibition of AK could have an impact on the production of TNF-⍺. 
We measured the accumulative concentration of this cytokine in the 
supernatant of HUVECs incubated with basal or high D-glucose in 
the presence or absence of AK inhibitor, ABT-702 (Fig. 4e). A two- 
way ANOVA showed a significant interaction between glucose and 
ABT-702. This suggests that the effect of the inhibitor of AK 
regarding the TNF-⍺ secretion, in HUVECs depends on the glucose 
level. However, post hoc analysis did not show significant differences 
in either high or basal D-glucose in the presence or absence of ABT-
702. 

 
Effect of adenosine kinase inhibition in eNOS and hCAT-1 
expression. 

It is well known that adenosine is a regulator of the ALANO 
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Figure 3. High D-glucose is not enough to alter angiogenesis markers. 
mRNA expression of a) vascular endothelial growth factor receptor 2 (VGFR2) 
and b) vascular endothelial growth factor A (VEGFA) in HUVECs exposed to 
basal (BG) and high D-glucose (HG) (5.5 and 25 mmol/L, respectively). c) 
Wound closure at different time points from 0 to 6 h. Percentages are relative to 
the time point 0h (100 %) for each condition. d) Wound healing assay AUC from 
figure c and e) Wound healing assay in HUVECs exposed to basal (BG) and high 
D-glucose (HG). Gray line demarks the wound area at 0 or 6 h. For all figures, 
paired t-test was performed. (n =11 in a, b) n =9 in c, d). 

pathway. Here we tested the effect of ABT-702 on the mRNA 
expression of two important participants of this pathway, eNOS and 
hCAT-1. Two-way ANOVA for eNOS mRNA showed a significant 
effect of the inhibitor. However, the comparison among groups only 
showed a significantly increased eNOS mRNA expression in high vs 
basal D-glucose, with no changes induced by ABT-702 in basal or 
high D-glucose exposed HUVECs (Fig. 5a). In the case of hCAT-1 
mRNA expression, the two-way ANOVA showed a significant effect of 
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Figure 4. Role of adenosine kinase in the high D-glucose -induced 
inflammation. mRNA expression of a) intercellular adhesion molecule 1 
(ICAM-1), b) interleukin-8 (IL-8), c) E-Selectin (E-Sel) and d) TNF-⍺ receptor 1 
(TNFR1) in HUVECs exposed to basal and high D-glucose (5.5 and 25 mmol/L, 
respectively) in the presence or absence of ABT-702 (2 µmol/L). e) ELISA for 
TNF-⍺ in HUVECs supernatants exposed basal (BG) and high D-glucose (HG) 
(5.5 and 25 mmol/L, respectively) in the presence or absence of ABT-702 (2 
µmol/L). For all figures, Two-way ANOVA (and Sidak post hoc) was performed. * 
p-value ≤0.05 vs. basal D-glucose vehicle. τ p-value =0.098 vs. basal D-glucose 
vehicle. † p-value ≤0.05 vs. high D-glucose vehicle. Values are mean  S.E.M. (n=  
7 for a, b, c, d. n=11 for e). 
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high D-glucose. Indeed, an hCAT-1 mRNA was increased in high vs 
basal D-glucose, while the AK inhibitor further increased hCAT-1 
mRNA as compared to high glucose without the inhibitor (Fig. 5b). 

 
Effect of ABT-702 on VEGFA and VEFR2 receptors in the context of 
basal and high glucose 

Since adenosine can regulate angiogenesis, we determined 
whether the inhibition of AK might lead to changes in VEGFA and 
VEGFR2. Two-way ANOVA of the VEGFA mRNA expression (fig. 6a), 
showed a strong trend (p-value =0.056) towards an interaction 
between glucose and AK inhibitor, suggesting that the effect of the 
inhibitor depends on the level of glucose (Fig. 6a). In the case of the 
VEGFR2, the two way ANOVA showed a trend towards an effect of 
glucose (p-value =0.059) and towards an effect of the inhibitor (p- 
value =0.082) (Fig. 6b) However, no differences were found in the 
different basal or high D-glucose in the presence or absence of ABT-
702 after post hoc analysis. 

 
Adenosine kinase inhibition increased the wound healing. 

Since adenosine is an important vasoactive molecule that can 
regulate angiogenesis, we explored the role of ABT-702 in wound 

 
 
 

 
Figure 5. Role of adenosine kinase in high D-glucose -induced eNOS 
and hCAT-1 expression. mRNA expression of a) endothelial nitric oxide 
synthase (eNOS) and b) human cationic amino acid transporter 1 (hCAT-1) in 
HUVECs exposed to basal (BG) and high D-glucose (HG) (5.5 and 25 mmol/L, 
respectively) in the presence or absence of ABT-702 (2 µmol/L). For all figures, 
Two-way ANOVA (and Sidak post hoc) was performed. * p-value ≤0.05 vs. basal 
D-glucose vehicle. † p-value ≤0.05 vs. high D-glucose vehicle. Values are mean 
S.E.M. (n= 7). 
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healing. The two-way ANOVA of the AUC showed a significant effect 
of the inhibitor of AK. Moreover, the post hoc analysis showed a 
significantly decreased AUC of the inhibitor vs without inhibitor only 
in basal D-glucose (Fig. 7a). 

 
Discussion 

GDM is a pregnancy disease that results in a detrimental 
intrauterine environment for the developing fetus being exposed to 
hyperglycemia. This increases the risk  of suffering from 
cardiovascular diseases later in life [31–33]. In this study, we have 
demonstrated that high D-glucose can increase the mRNA expression 
of the pro-inflammatory molecules, ICAM-1, IL-8, E-sel and TNFR1. 
Moreover, high D-glucose can induce  alterations in mRNA  
expression of the endothelial isoform of NO synthase (eNOS) and the 
transporter involved in the uptake of eNOS substrate (L-arginine), 
hCAT-1. On the other hand, high glucose level does not affect 
angiogenic molecules and wound closure in the wound healing assay. 
We also evaluated the possible role of the major adenosine level 
regulator, AK, using a non-nucleoside AK inhibitor, ABT-702. In 
HUVECs, the inhibition of AK increased the effect of high D-glucose 
regarding the expression of hCAT-1 and prevents the high D-glucose- 
induced increased expression of TNFR1. Moreover, in some of the 
parameters that were evaluated in this study, such as VEGF-A and 
TNFR1 the effect of ABT-702 seems to depend on the glucose level. 

Similar to other studies [8,34–37], we found that high D- 
 
 
 

 

Figure 6. Role of adenosine kinase in mRNA expression VEGF-A and 
VEGF receptors. mRNA expression of a) Vascular endothelial growth factor A 
(VEGFA) and b) VEGFR2 in HUVECs exposed to basal and high D-glucose (5.5 
and 25 mmol/L, respectively) in the presence or absence of ABT-702 (2 µmol/L). 
For all figures, Two-way ANOVA (and Sidak post hoc) was performed. (n= 7). 
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Figure 7. Role of adenosine kinase in wound healing assay. a) AUC 
representing the total wound closure from 0 up to 6 h. e) Representative pictures 
wound healing assay in HUVECs exposed to basal (BG) and high D-glucose (HG) 
(5.5 and 25 mmol/L, respectively) in the presence or absence of ABT-702 (2 
µmol/L). For b, c and d Two-way ANOVA (and Sidak post hoc) was performed. * 
p-value ≤0.05 vs. basal D-glucose vehicle. Values are mean S.E.M. (n= 9). 

 

glucose induced upregulation of ICAM-1, IL8, E-SEL and TNFR1 
mRNA. This might be due to several cellular mechanisms. It has been 
described that the osmotic stress induced by high D-glucose can 
trigger the increased high D-glucose-dependent ICAM-1 expression 
in HUVECs, likely depending on the PKC/NF-𝜅𝜅B pathway [34,35]. 
Regarding the IL-8 production, high D-glucose-induced oxidative 
stress seems to be another plausible mechanism of regulation [38], 
probably in a p38/AP-1 pathway-dependent manner [39]. Moreover, 
in the present study, we show that high D-glucose induced a higher 
mRNA expression of TNFR1, similar to findings in placentas exposed 
to high glucose [40], and likely mediated by high D-glucose-induced 
oxidative stress [41]. In HUVECs, TNFR1 is responsible for the TNF- 
⍺-induced induction of NF-𝜅𝜅B pathway [40,42], leading to the 
expression of inflammation markers and atherosclerosis development. 

Adenosine is an anti-inflammatory molecule [28,43–45]. In this 
chapter, we explored the role of AK in high glucose-induced 
endothelial inflammation. We did not find a significant effect of the 
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AK inhibitor in the changes induced by high D-glucose in ICAM-1 and 
E-Sel mRNA expression. However, the effect of the inhibitor of AK 
seems to be dependent on the glucose level with respect to the 
changes in mRNA expression of IL-8, TNFR1 and in the TNF-⍺ 
production. The inhibition of AK in HUVECs prevented the high D- 
glucose-induced increased expression of TNFR1. It has been 
demonstrated in multiple cell types that adenosine suppresses the 
TNF-⍺-mediated activation of NF-𝜅𝜅B pathway [46]. Interestingly, this 
only takes place in a TNF-⍺-dependent manner, since adenosine 
seems not to suppress this pathway when is activated by other 
stimuli, such as hydrogen peroxide [46]. Since the high D-glucose- 
induced expression of ICAM-1, E-Sel and IL-8 might be triggered by 
osmotic and oxidative stress more than by a direct effect of 
proinflammatory cytokines, such as TNF-⍺, this could explain why 
the inhibition of AK fails in preventing the high D-glucose-induced 
inflammation markers. It has been demonstrated in mouse 
cardiomyocytes that activation of A1 adenosine receptor (AR) 
attenuates the hypertrophic effect of TNF-⍺ [47]. Moreover, in mouse 
retina, inhibition AK also decreased the inflammation in diabetic 
retinopathy [48], suggesting that inhibition of this enzyme results in 
a protective role mediated by the increase of adenosine signaling 
associated with A2A or other AR activation. 

We found that high D-glucose increased the transcript levels of 
eNOS and hCAT-1 with a significant effect of ABT-702 in both basal 
and high D-glucose conditions. Moreover, hCAT-1 expression was 
increased by high D-glucose and the inhibition of AK increased the 
effect of high D-glucose. This might result in an increased NO 
synthesis, likely mediated by the activation of ARs by adenosine 
accumulation induced by ABT-702. Adenosine, which is increased in 
GDM [27,49], is an important regulator of the ALANO pathway (for 
adenosine/L-arginine/NO) [20], increasing the eNOS-dependent NO 
synthesis [6,30] in macro and microvasculature (i.e. HUVECs and 
human placental microvascular endothelial cells) [27,50]. In GDM 
placentas, oxidative stress is described [51]. NO in a pro-oxidant 
milieu leads to the formation of peroxynitrite, reducing the beneficial 
properties of NO and increasing the endothelial damage. Therefore, 
the upregulation of the NO synthesis in GDM might be detrimental 
for the fetoplacental endothelium. In streptozotocin-induced diabetic 
mice, the inhibition of AK with ABT-702 reduced the NADPH oxidase 
and oxidative stress associated with diabetes in the kidney, likely via 
mechanisms associated with a reduction of the A2A AR in diabetes 
[28]. Therefore, if AK inhibition could reduce the oxidative stress, 
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this might restore the NO availability and the protective role of this 
molecule in the fetoplacental vasculature in GDM. 

GDM is associated with increased capillarity and increased 
vascular branching in the placenta [9,11,12,14]. However, the 
reported effects regarding the mechanisms of altered angiogenesis in 
GDM are contradictory [52–54]. We found that high D-glucose and/ 
or the AK inhibitor did not significantly change the mRNA expression 
of the VEGF-A or VEGFR2 in HUVECs. Additionally, the wound 
healing assay was not altered by high D-glucose, but the closure of 
the wound was increased by ABT-702 in the basal D-glucose group. 
In GDM, control of hyperglycemia can only partially prevent the 
development of some vascular alterations in GDM placentas [9,10]. 
This might suggest that the high D-glucose environment is not 
enough to establish the altered angiogenic features in fetoplacental 
vasculature displayed in GDM. 

Xu et al., [55] demonstrated that the knock-down (KD) of AK 
increases the migration, sprouting and proliferation in HUVECs in 
basal conditions. However, the mentioned study attributed the effect 
to an increased VEGFR2 expression, which was unchanged in our 
study. Since a higher level of adenosine in the ABT-702 treated cells 
is likely, this could increase the migration and proliferation of 
HUVECs explaining the faster closure in basal D-glucose. However, 
further studies are required to unveil why this phenomenon is absent 
in high D-glucose. 

In summary, this study showed that high D-glucose can induce 
endothelial activation and endothelial dysfunction in a similar 
manner to what is observed in fetoplacental vasculature from GDM 
pregnancies. Therapeutically, the inhibition of AK might be beneficial 
to reduce some of the deleterious effects of high D-glucose in the 
fetoplacental vasculature. However, our results suggest that other 
factors might be more important than high D-glucose in the 
induction of angiogenic changes evidenced in GDM. 
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