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Abstract 
Gestational diabetes mellitus (GDM) is a pregnancy disease, which 

hallmark is the maternal hyperglycemia. The high glucose level crosses the placenta 
and reaches the developing fetus. The fetal exposure to the GDM milieu alters the 
fetoplacental vasculature and seems to trigger a cardiovascular (mal)programming 
in the GDM offspring. In the GDM fetoplacental vasculature, adenosine 
metabolism and signaling are altered. Moreover, adenosine regulates vascular 
function and DNA methylation, which may play a role in the GDM-associated 
cardiovascular programming. Adenosine kinase (AK) and human equilibrative 
nucleoside transporter 1 (hENT1) are major regulators of adenosine level and are 
likely to be altered in the fetoplacental vasculature from GDM. A cytoplasmic AK (c-
AK) and nuclear AK (n-AK) isoforms of AK and at least three groups (D, C, and 
B) of hENT1 transcriptional variants (TVs), i.e., hENT1TV-D, hENT1TV-C and 
hENT1TV-B, have been described. Moreover, adenosine is one of the end products 
of the methylation reactions, including DNA methylation. S-adenosylhomocysteine 
is converted into adenosine and homocysteine by S-adenosylhomocysteine 
hydrolase (SAHH). This study aims to determine the expression of AK isoforms and 
hENT1TVs in human umbilical vein endothelial cells (HUVECs) exposed to a high 
extracellular D-glucose. Additionally, we evaluated the high D-glucose effect in 
SAHH and DNA methyltransferases 1 and 3A. Moreover, we aim to explore the role 
of AK in the high D-glucose-induced changes in HUVECs. HUVECs from 
uncomplicated pregnancies were isolated (collagenase digestion) and cultured in 
RPMI medium supplemented with basal D-glucose (5.5 mmol/L). 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. The protein abundance of AK, hENT1 and 
SAHH was evaluated with Western blot. Our findings suggest that the n-AK is the 
predominant isoform of this enzyme in HUVECs. n-AK and total AK were increased 
after high D-glucose treatment. Moreover, we found a differential expression of 
hENT1TVs, being the hENT1TV-D and hENT1TV-C the most abundant TVs, 
contributing to the changes in the total hENT1 mRNA level in HUVECs. All the 
hENT1TVs were increased by high D-glucose. In addition, in HUVECs treated with 
high D-glucose we found an increased mRNA level of SAHH, DNMT1 and 
DNMT3A. We also tested whether the inhibition of AK has a role in these high D- 
glucose-induced changes. In HUVECs treated with ABT-702 and high D-glucose, 
we did not observe significant changes in the mRNA of the above-mentioned genes. 
Even though the changes in mRNA, we did not find changes in AK, hENT1 and 
SAHH protein abundance. These results suggest that high D-glucose exposure of 
HUVECs triggers the dysregulation of key participants in adenosine metabolism 
and DNA methylation. This  might partially  explain  the cardiovascular 
programming in GDM offspring. 
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Introduction 
Gestational diabetes mellitus (GDM), is defined as diabetes 

diagnosed in the second or third trimester of pregnancy, that is not 
clearly either type 1 or type 2 diabetes [1,2]. The global prevalence of 
GDM is around 5-20% depending on the diagnostic criteria [1–3]. 
Children from women with GDM show a higher risk for glucose 
intolerance, obesity and cardiovascular diseases later in life [4–6]. 
This may suggest a fetal programming during GDM [7–9], in which 
epigenetic mechanisms, such as DNA methylation, can play a crucial 
role [10,11]. The fetoplacental vasculature in GDM displays 
endothelial dysfunction and endothelial activation [2,12,13]. Various 
studies suggest that hyperglycemia plays an important role in fetal 
programming and fetoplacental endothelial dysfunction and 
activation in GDM [14,15]. 

GDM is associated with altered adenosine signaling and 
altered adenosine transport in the fetoplacental vasculature [12,16– 
19]. The nucleoside adenosine is an important molecule in 
endothelial cell function. It acts as a trigger of various signal 
transduction pathways [16]. It activates the endothelial L-arginine/ 
NO signaling pathway [20], while it is also an anti-inflammatory 
molecule and an inhibitor of DNA methylation [16,21,22]. The main 
regulator of adenosine concentrations under physiological conditions 
is adenosine kinase (AK) [22,23]. AK is a phosphoribosyltransferase 
that catalyzes the conversion of adenosine into AMP using ATP as 
phosphate donor [22,24]. At least two main isoforms of AK have been 
described, a cytoplasmic and a nuclear isoform (c-AK and n-AK, 
respectively) [25]. 

Another regulator of intra- and extracellular adenosine is the 
nucleoside transporter human equilibrative nucleoside 1 (hENT1) 
[12,16–18]. The expression of hENT1 is altered in endothelial cells 
from human placenta in GDM [26]. hENT1 transport is bidirectional 
and mediates approximately 80% of adenosine transport in and out 
of the cell [27]. At least three transcriptional variants (TVs) of this 
transporter exist (i.e. hENT1TV-D, hENT1TV-C, hENT1TV-B), which 
appeared to be differentially expressed depending on the cell type 
[28]. 

Alterations  in  adenosine  levels  may  affect  DNA methylation 
processes. DNA methylation is an important mechanism of gene 
expression regulation. S-adenosylhomocysteine (SAH) hydrolase 
(SAHH) produces adenosine (and homocysteine) and an impaired 
function of this enzyme can lead to altered DNA methylation due to 
inhibition of methyltransferases by SAH accumulation [29]. Little is 
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known about SAHH and methyltransferases in the fetoplacental 
vasculature, but in view of the increased adenosine level in the 
fetoplacental vasculature from GDM [17], alterations in SAHH and 
methyltransferases activity seems likely. 

Although it is known that adenosine signaling and total hENT1 
is altered in the fetoplacental vasculature in GDM, little is known 
about other adenosine regulators and pathways. In the present study, 
we investigated in vitro whether high D-glucose incubation of human 
umbilical vein endothelial cells (HUVECs) (as a model for GDM 
fetoplacental vascular endothelial cells) affected hENT1 and its 
transcriptional variants, AK and DNA methylation enzymes, such as 
SAHH and DNA methyltransferases (DNMTs). 

 
Materials and methods 
Cell culture and conditions 

HUVECs from normal pregnancies were provided by the 
Endothelial Cell Facility of the University Medical Center Groningen 
(UMCG) (Groningen, Netherlands). HUVECs were isolated by 
collagenase digestion (0.25mg/mL Collagenase Type II from 
Clostridium histolyticum (Boehringer, Mannheim, Germany), as 
previously described [14]. 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 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 cells 
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 

HUVECs were washed (2X) 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). 
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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 (approximately25 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 AK 
(nuclear and cytoplasmic isoform), hENT1 (total and transcriptional 
variants D, C and B), DNA methyl transferase (DNMT) 1, DNMT3A 
and S-adenosylhomocysteine hydrolase (SAHH) 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 primer annealing and 30 
seconds of extension at 72 ºC including also a melting curve. The 
primer annealing temperature and primer efficiency was 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) [30,31]. Changes in expression were 
analyzed using the following expression 2-(Ct gene of interest-Ct 
HKG). 

Western blot 
Total proteins were obtained from confluent cells washed twice 

with ice-cold PBS and harvested in 100µL of radioimmunoprecipitation 
assay (RIPA) buffer (150 mmol/L NaCl, 1% NP-40, 1% sodium 
deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 25 mmol/L 
Tris%HCl pH 7.6) (Pierce RIPA Buffer, Thermo Fisher Scientific Inc., 
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Abbreviations: BACTIN, beta-actin (gene, ACTB); c-AK, adenosine kinase 
cytoplasmic isoform (gene, ADK). DNMT1, DNA Methyltransferase 1 (gene 
DNMT1); DNMT3A, DNA Methyltransferase 3 alpha (gene DNMT3A); GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase (gene, GAPDH); hENT1TV-B, 
hENT1TV-C, hENT1TV-D, human equilibrative nucleoside transporter 1 
transcriptional variants B, C, and D, respectively [32] (gene, SLC29A1); n-AK, 
adenosine kinase nuclear isoform (gene, ADK); SAHH, S-adenosylhomocysteine 
hydrolase (gene, AHCY); Total AK, total (nuclear and cytoplasmic isoform) 
adenosine kinase (gene, ADK); Total hENT1, total (including all transcriptional 
variants) human equilibrative nucleoside transporter 1 (gene, SLC29A1). 

 
Landsmeer, The Netherlands). Cells were sonicated (6 cycles, 5 s, 100 
W, 4 °C), and total protein was separated by centrifugation (14,000 g, 
15 min, 4 °C). Dilutions of protein (20 µg) were prepared with RIPA 
and mixed with loading buffer (5X) and incubated at 95 °C for 5 min. 
Proteins were separated by SDS- polyacrylamide ( 12 %) 
electrophoresis and transferred onto Immobilon-P polyvinylidene 
difluoride membranes (Bio-Rad, California, USA). The membranes 
were blocked with bovine serum albumin (BSA) 5% Phosphate buffer 
saline-Tween 20 (PBS-T) for 1 h. Proteins were then probed with 
primary monoclonal mouse anti-AK (1:1000), mouse anti-hENT1 
(1:1000), mouse anti-SAHH (1:1000) and mouse β-actin (1:2500) (all 
from Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in BSA 
5% PBS-T. Membranes were rinsed in PBS-T solution and incubated 
(1 h, room temperature) in BSA, 5% PBS-T and secondary (1:5000) 
horseradish peroxidase-conjugated rabbit anti-mouse antibodies 
(Dako, Glostrup, Denmark). Proteins were detected by enhanced 
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chemiluminescence in a ChemiDoc MP imaging system (Bio-rad, 
California, USA) quantified by densitometry. 

 
Statistical analysis 

Data are expressed as mean ± S.E.M. Before statistical 
analysis, data were log transformed. For comparison between two 
groups, paired t-tests were used. For comparison of more than two 
groups, two-way ANOVA test was used. For post hoc test, Sidak 
adjustment was used. ROUT outlier test was performed with Q =1%. 
Data were analyzed using GraphPad Prism software (version 7a, San 
Diego) [14]. Minitab software was used for linear regression analysis. 
A p-value < 0.05 was considered to be statistically significant and a p- 
value <0.1 was considered as a trend. 

 
Results 

 
High D-glucose increased total adenosine kinase mRNA expression 
and the nuclear isoform of adenosine kinase in HUVECs. 

The expression of the isoforms of AK can be different 
depending on the cell type, in which a predominant AK isoform (i.e. 
nuclear or cytoplasmic) or a mixed expression can be observed. In 
HUVECs exposed to basal D-glucose (5.5 mmol/L), a predominant 
expression of the nuclear isoform (n-AK) mRNA in contrast with a 
very low or almost absent expression (approximately 7% of n-AK) of 
c-AK mRNA (Fig. 1a) was found. Thus, only the n-AK isoform was 
considered for further analysis in this study. 

The incubation of HUVECs incubated with high D-glucose (25 
mmol/L) resulted in higher mRNA expression of total AK (fig 1b) and 
n-AK (fig 1c) (1.21 and 1.26-fold, respectively) in comparison with 
basal D-glucose (5.5 mmol/L). However, despite the changes in AK 
(total and isoforms) mRNA, its protein abundance was not modified 
by high D-glucose (Fig. 1d and 1e). 

 
hENT1 transcriptional variants are expressed in HUVECS and their 
expression is altered by high D-glucose. 

The mRNA expression of total hENT1 was increased (1.15-fold) 
after the incubation (24 h) of cells in high D-glucose (Fig. 2a) 
compared with basal D-glucose. We next tested which transcriptional 
variants are present in HUVECs and how they are regulated by high 
D-glucose. HUVECs showed predominant expression of hENTTV-D, 

followed by hENTTV-C and hENTTV-B (Fig. 2b). Incubation of cells 
with  high  D-glucose  increased  the  mRNA  expression  of  all  the 
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Figure 1. High D-glucose increases total adenosine kinase and nuclear 
isoform in HUVECs. a) mRNA expression for adenosine kinase nuclear (n- 
AK) and cytoplasmic isoforms (c-AK) in HUVECs. The mRNA expression effect  
of high D-glucose (HG) compared with basal D-glucose (BG) is shown for b) total 
AK and c) n-AK. The effect of high D-glucose in the protein abundance of AK is 
shown in d) representative Western blot for AK and ß-Actin (loading control) and 
e) Western blot analysis for AK. For all figures, paired t-Test was performed. * in 
a)  p-value  <0.05  vs.  n-AK.  *  in  b-c)  p-value  <0.05  vs.  BG.  Values  are mean 
S.E.M. (n =13 in a, b, c. n=7 in d, e). 

 
D-glucose is regulated by adenosine accumulation produced by an 
impaired AK activity. Therefore, we incubated the cells with the AK 
inhibitor, ABT-702 and with and without high D-glucose. We 
replicated our previous results regarding the increasing effect of high 
D-glucose on the expression of total (1.44 fold) and n-AK (1.41-fold) 
compared with basal D-glucose (Fig. 3a and 3b, respectively). 
However, we did not find effect of the inhibitor of AK, ABT-702 on 
the expression of total AK nor n-AK, neither in basal nor high D- 
glucose conditions. This was similar at a protein level, since no 
differences in AK protein abundance were found in the presence of 
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Figure 2. Effect of high D-glucose on total and hENT1 transcriptional 
variants. a) Effect of high D-glucose (HG) on the mRNA expression of total 
hENT1 in HUVECs. b) mRNA expression of hENT1 transcriptional variants in 
HUVECs  exposed  to  basal  or  high  D-glucose  (BG  and  HG,  respectively)  c) 
Representative Western blot for hENT1 and ß-Actin (loading control), d) Western 
blot analysis for hENT1. For a), d), e) and differences in each hENT1TV in BG  
and HG paired t-Test and for b) two-way ANOVA (and Sidak post hoc) was used. 

p-value <0.05 vs. other hENT1TVs in BG or HG. * p-value <0.05 vs. BG. Values 
are mean S.E.M. (n =11 in a, b. n=7 in c, d) 

 
 
ABT-702, in either basal or high D-glucose conditions (Fig. 3c and 
3d). This result may suggest, that the inhibition of the enzymatic AK 
activity, therefore the impaired clearance of adenosine, does not 
regulate the AK mRNA expression. 

 
Effect of adenosine kinase activity on hENT1 expression. 

The changes in AK activity, and therefore in adenosine 
concentrations, may also affect hENT1 expression. Therefore, we 
tested whether AK activity could have an effect on the expression of 
hENT1. We found that the high D-glucose-associated increased 
expression of total hENT1 (1.21-fold) and TVs D (1.22-fold) and C 
(1.33-fold) were not dependent on the activity of AK (Fig. 4a, 4b, 4c, 
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respectively), since no significant changes mediated by ABT-702 were 
observed. The increased expression of hENT1TV-B in high D-glucose 
showed a strong tendency (p-value =0.056) to be reduced in 
comparison with high D-glucose in presence of ABT-702 (Fig. 4d). 
hENT1 protein abundance in HUVECs was not changed in the 
presence of AK inhibitor (ABT-702) neither under basal nor high D- 
glucose conditions. 

 

 
 

Figure 3. High D-glucose-induced AK expression does not depend on 
AK activity. mRNA expression of a) total and b) n-AK in HUVECs exposed to 
BG   and   HG   in   the   presence   or   absence   of   ABT-702   (AK   inhibitor).  c) 
Representative  Western  blot  for  AK  and  ß-Actin  (loading  control)  and  d) 
Western blot analysis for AK in HUVECs exposed to BG and HG in the presence 
or absence of ABT-702. For all figures, two-way ANOVA (and Sidak post hoc) 
was performed. * p-value <0.05 vs. BG vehicle. τ p-value =0.056 vs. BG. Values 
are mean S.E.M. (n =7). 
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Figure 4. Effect of AK inhibition in the expression of total hENT1 and 
transcriptional variants. mRNA expression of a) total hENT1, b) hENT1TV- 
D, c) hENT1TV-C and d) hENT1TV-B. in HUVECs exposed to basal and high D- 
glucose (BG and HG, respectively) in the presence or absence of ABT-702. e) 
Representative Western blot for hENT1 and ß-Actin (loading control), f) Western 
blot analysis for hENT1 in HUVECs exposed to BG and HG in the presence or 
absence of ABT-702. For all figures, two-way ANOVA (and Sidak post hoc) was 
performed. * p-value <0.05 vs. BG vehicle. In d), τ p-value =0.07 vs. HG vehicle, 
Values are mean S.E.M. (n =7). 
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High D-glucose increased SAHH independent of AK activity. 

Adenosine is an end-product of DNA methylation reactions 
and impaired clearance of this nucleoside may affect enzymes in the 
methylation reactions. Here we tested whether high D-glucose can 
induce changes in expression of  SAHH  and also  DNA 
methyltransferase 1 (DNMT1) and DNMT3A, two important enzymes 

 
 

 
Figure 5. High D-glucose and AK inhibition in the mRNA expression 
of SAHH, DNMT1 and DNMT3A. mRNA expression of a) SAHH, b) DNMT1 
and c) DNMT3A in HUVECs exposed to basal and high D-glucose (BG and HG, 
respectively) in the presence or absence of ABT-702. d) Representative Western 
blot for SAHH and ß-Actin (loading control), and d) Western blot analysis for 
SAHH in HUVECs exposed to BG and HG in the presence or absence of ABT-
702. and e) Western blot analysis. For all figures, two-way ANOVA (and Sidak 
post hoc) was performed. * p-value <0.05 vs. BG vehicle. Values are mean 
S.E.M. (n =7). 
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that produce  S-adenosylmethionine (SAH).  Additionally, we 
evaluated the possible role of the activity of AK in the changes 
associated with high D-glucose. We found that high D-glucose 
increased the mRNA expression of SAHH (1.33-fold) (Fig. 5a), 
DNMT1(Fig. 5b) (1.53-fold) and DNMT3A (1.68-fold) (Fig. 5c). 
However, incubation during 24 h with ABT-702 had no effect on the 
high D-glucose-associated increase of SAHH, DNMT1 and DNMT3A 
(fig 5a, 5b and 5c, respectively). Moreover, we found that the changes 
induced by high D-glucose are only observed at the mRNA level, since 
SAHH protein levels were not altered by high D-glucose nor by the 
incubation with ABT-702. 

 
Discussion 

Gestational diabetes mellitus (GDM) is a pregnancy disease 
which is associated with an increased later-in-life cardiometabolic 
risk for the offspring [8,21]. This may be related to an altered 
function of fetoplacental vasculature during GDM [33]. 
Hyperglycemia, which is seen in both mother and fetus, is thought to 
be responsible for many features of the altered function of the 
fetoplacental vasculature. In this in vitro study, we used the exposure 
of HUVECs to high D-glucose as a model for the fetoplacental 
vasculature in GDM. We demonstrated that the exposure to a high D- 
glucose can induce changes in the main adenosine regulators and in 
DNA methylation enzymes that may depend on the intra- or 
extracellular adenosine level. 

Adenosine plays an important role in the function of the 
fetoplacental vasculature [12,34]. It is therefore important to tightly 
regulate intra- and extracellular adenosine concentrations in the 
fetoplacental vasculature. AK is the major regulator of the intra- and 
extracellular adenosine level under physiological conditions [22,24]. 
Our data strongly suggest that the nuclear isoform of AK is 
predominantly expressed in HUVECs and in this cell type, AK mRNA, 
but not the protein level, was increased by high D-glucose. 
Unfortunately, we were not able to measure AK activity. However, 
indirect evidence suggests that HUVECs from GDM pregnancies have 
a lower activity of AK, since adenosine phosphorylation was less 
efficient in GDM HUVECs [35]. If this decreased activity is also 
induced by high D-glucose, our results may indicate that the 
increased AK mRNA expression may be a compensatory mechanism 
for a reduced enzymatic activity. Further studies are needed to test 
this hypothesis. 

The mechanism by which D-glucose increased the nuclear 
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isoform of AK in endothelial cells is unknown. However, in the rat 
transcription factor Sp1 (specific protein 1) has been proposed to 
regulate the expression of the  nuclear isoform of AK[36]. 
Interestingly, a nitric oxide-dependent increased nuclear Sp1 
localization in HUVECs exposed to high D-glucose has been shown 
[37], indicating that the increased n-AK detected in HUVECs 
incubated in high D-glucose may be Sp1 and nitric oxide-dependent. 
In contrast to our findings in HUVECs, in rat T-lymphocytes 
incubated with 20-30 mmol/L D-glucose the expression and activity 
of (total) AK was decreased, leading to an increased efflux of 
adenosine [38]. This was restored to normal by insulin treatment in a 
MAPK pathway-dependent manner [38]. Noteworthy, an imbalance 
in the ratio of the insulin receptor A/B is described in HUVECs from 
GDM pregnancies, leading to an increased MAPK signaling mediated 
by the insulin receptor-A (IR-A) [17]. This may suggest that in 
HUVECs from GDM, an altered MAPK signaling could contribute to 
the alterations in AK. However, this must be experimentally 
confirmed. 

Along with AK, hENT1 is an important regulator of intra- and 
extracellular adenosine concentrations [23], In this study, we 
demonstrated that at least three groups of hENT1 transcriptional 
variants are transcribed in HUVECs and that the total mRNA 
expression mainly depends on the transcriptional variants hENT1TV- 

D and hENT1TV-C. In addition, we showed that the transcriptional 
variants are sensitive to changes in D-glucose level. mRNA of total 
hENT1 expression was increased in high D-glucose versus basal D- 
glucose. The increased mRNA of total hENT1 is mainly determined  
by increased expression of the variants D and C, although the variant 
B also showed a significant increased expression in high D-glucose vs 
basal D-glucose. However, the inhibition of AK did not regulate either 

the expression of total hENT1 and the hENT1TV-D and hENT1TV-C. 
Moreover, our results suggest that the inhibition of AK could 
potentially restore the increased high D-glucose-induced hENT1TV- 
B, suggesting that this TV may be sensitive to changes in adenosine 
level, even though the contribution of this TV seems not to be crucial 
for the total hENT1 expression. 

In contrast to our study, in which HUVECs from control 
pregnancy were incubated with high D-glucose for 24 h, studies in 
HUVECs from GDM pregnancies showed a decreased mRNA 
expression of hENT1 [17,18]. The difference between our study and 
the study in GDM may be due to the longer in vivo exposure to high 
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D-glucose in GDM, in contrast to the short exposure to high D- 
glucose in our study. We can also not exclude that in the fetoplacental 
vasculature during GDM high levels of glucose may not be the main 
regulator of hENT1 and other factors may be responsible for the 
decreased hENT1 expression in GDM. 

A previous study [37], reported that 25 mmol/L D-glucose led to 
a reduction in the maximal transport capacity of hENT1 in HUVECs. 
This was associated with a transcriptional repression of hENT1 
promoter activity mediated by Sp1. The regions of possible glucose- 
dependent regulations that were considered in our study, were not 
considered in the previous study and may explain the contradictory 
findings regarding the effects of high D-glucose in hENT1 mRNA 
expression. Moreover, in contrast to our study, the experiments of 
Puebla et al. [37] were performed after a 24 h serum deprivation, 
which has been described in other cells types to alter the expression 
of hENT1 [39]. The transcriptional regulation of the hENT1 is still 
poorly understood [28,32,40]. Our study, therefore, adds to the 
further understanding of the transcriptional activity of hENT1 and 
how the expression of this gene may depend on the activity of 
different promoter regions. The expression hENT1 is especially 
important not only for endothelial cell function and homeostasis but 
also in the transport of anti-viral and anti-tumor drugs [28,32,41]. 

In  this  study,  we  also  reported  that  high  D-glucose exposure 
changes the mRNA expression of DNA methylation-associated 
enzymes such as DNMT1 and 3 and SAHH, which may partially 
explain the epigenetic dysregulation in fetoplacental tissues from 
GDM [21,42]. This may be in line with the suggestion that there is a 
fetal (mal)programming in the offspring of GDM mothers compared 
with mother with healthy pregnancy [42]. Other studies have also 
shown similar effects of high D-glucose on DNMT1. Studies in blood 
of type 2 diabetes mellitus patients [43], -cells [44], human retinal 
endothelial cells [45] and rat epithelial stem cells [46], also showed 
that high D-glucose increased expression the expression of DNMT1. 
Our study extends these findings by showing that the adenosine 
concentration seems not to influence the effect of high D-glucose on 
DNMT1, since the AK inhibitor did not affect DNMT expression. 
Little information about the regulation of SAHH expression is 
available, although the role of SAHH in DNA methylation has been 
shown in HUVECs. Inhibition of SAHH led to an accumulation of 
SAH and led to decreased global DNA methylation [47]. We showed 
that inhibition of AK, which potentially increases adenosine 
concentrations,  did  not  affect  SAHH  mRNA  expression, suggesting 
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that SAHH mRNA expression is not regulated by adenosine 
concentrations. 

Interestingly, despite changes in mRNA levels, in our study we 
were not able to find changes at a protein level of AK, hENT1 and 
SAHH induced by either high D-glucose or the AK inhibitor. This  
may be due to the relatively short exposure to high D-glucose or the 
AK inhibitor. The primary response to high D-glucose involves a 
transcriptional activity inducing increased mRNA expression of the 
above-mentioned genes. However, the incubation period (24 h) 
seems not to be enough to observe changes at protein level. 
Therefore, longer incubation with high D-glucose might be required 
to show potential changes in protein expression. Moreover, 
experiments are required to understand whether the transcriptional 
response is due to a direct effect of D-glucose on different 
transcriptional factors or is due to a compensatory mechanism 
produced by an impaired activity of AK, hENT1 and/or SAHH. 

In summary, in the present study, we showed evidence that a 
high D-glucose exposure of HUVECs triggers the dysregulation of key 
participants in adenosine metabolism and DNA methylation. These 
alterations, which are induced by high D-glucose, and for some 
alterations mediated by adenosine, may partially explain the 
establishment of the  long-term consequences found in the 
fetoplacental vasculature from GDM and the deleterious cardio- 
metabolic effects in the offspring of GDM pregnancies. Further 
studies are required to understand the mechanisms behind these 
findings, such as the role of intracellular adenosine or signaling by 
adenosine receptors. This might help to prevent or reverse the high 
D-glucose effects in fetoplacental endothelium in hyperglycemia- 
associated conditions, such as GDM. 
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