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Gestational diabetes mellitus 
Gestational diabetes mellitus (GMD) is defined as diabetes 

diagnosed in the second or third trimester of pregnancy that was not 
clearly overt diabetes prior to gestation [1,2]. GDM is associated with 
increased maternal and fetal insulin resistance, hyperglycemia and 
fetal hyperinsulinemia [3,4]. The diagnosis of GDM is mainly based 
on the maternal glycemic state [1]. Screening for GDM is usually 
performed between 24 and 28 weeks of gestation by testing for basal 
glucose levels or a glucose challenge test [1]. 

The pathophysiology of GDM is related to the higher metabolic 
requirements during pregnancy, to meet the nutritional demand of 
the developing embryo/fetus. In pregnancy, the maternal body is 
subjected to several physiological changes [5,6]. In the mother, a 
decrease in the peripheral insulin sensitivity is observed, which 
increases the glucose availability for the fetus [7]. However, to meet 
her  own  demand  for  glucose,  the  mother  increases  her  insulin 
production. This is achieved by increasing the ß-cell mass through 
cellular hyperplasia, hypertrophy and transformation from ß-cell 
progenitors   [8].   In   parallel,   mothers   show   a  physiological 
hyperlipidemia to meet the lipid requirements of the developing fetus 
[9]. It has been suggested that in GDM the physiological adaptation 
of the pancreas to pregnancy is impaired [4], while the ß-cell function 
is comparable in both conditions [4]. Since in GDM pregnancies a 
higher insulin resistance in comparison to normal pregnancies is 
observed [4], it is suggested that in GDM the maternal insulin 
production   is   insufficient   to   overcome   the pregnancy-associated 
insulin resistance, therefore maternal hyperglycemia and GDM occur 
[8]. 

GDM is detrimental for maternal and fetal health. During 
pregnancy, GDM is a risk factor for other pregnancy complications, 
such as preeclampsia and preterm delivery [10,11]. The fetus is at risk 
for macrosomia and trauma at birth [10,12,13]. GDM also has long- 
term consequences for both the mother and the fetus. In the mother, 
GDM increases the risk of type 2 diabetes mellitus [1,13]. Therefore, 
the GDM mothers must be controlled for diabetes post-partum [1]. In 
the fetus, GDM increases the risk for cardio-metabolic conditions, 
obesity and type 2 diabetes mellitus at adult age [13–17]. The long- 
term impact of GDM on the offspring’s health is part of a 
phenomenon known as fetal programming of diseases [18,19], in 
which epigenetic mechanisms play a crucial role [20,21]. The GDM- 
associated hyperglycemia is considered responsible for the long-term 
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effects of GDM [22]. 
The treatment of GDM follows a similar therapeutic approach as 

the treatment of type 2 diabetes mellitus [1]. The main goal of the 
GDM treatment is to normalize the maternal blood glucose levels to 
acceptable values. The first therapeutic strategy is to subject the 
mothers to a caloric and carbohydrate-restricted diet. However, if the 
mother is unresponsive to diet and the glycemic values remain high, 
pharmacological approaches are recommended [1,2,23]. Insulin 
therapy, metformin and glyburide are the main second lines of 
treatment for GDM [1,24–26]. However, since insulin does not cross 
the placenta, insulin therapy is recommended for diet-unresponsive 
mothers, in order to avoid possible negative effects on the fetus [1]. 

 
Fetoplacental vasculature in GDM 

The fetoplacental vasculature is a target of the hyperglycemia 
during GDM. This hyperglycemia induces fetoplacental endothelial 
dysfunction and activation [27–31]. The endothelium of the 
fetoplacental vasculature displays increased markers of inflammation, 
such as intercellular adhesion molecule 1 (ICAM-1), E-selectin and 
tumor necrosis factor alpha (TNF-⍺) receptor [27,31–34]. The 
endothelial dysfunction in the fetoplacental vasculature is 
characterized by dysregulated production of vasoactive and 
vasoconstrictor factors by the endothelium  [30,35–38]. The 
fetoplacental vasculature lacks innervation and the control of the 
vascular tone is mainly dependent on the locally-released molecules 
[29,39]. Nitric oxide (NO) is a vasodilator and anti-inflammatory 
molecule produced by the endothelial NO synthase (eNOS) [40]. In 
GDM, the fetoplacental vasculature exhibits an increased endothelial 
synthesis of NO, due to an increased transport of L-arginine, a 
substrate for eNOS, and an increased expression and activity of eNOS 
in response to a higher extracellular level of adenosine [30,37] (Fig. 
1). This increased adenosine concentration is due to the increased 
GDM-associated NO, which activates the human C/EBP homolog 
protein 10 (hCHOP) leading to the transcriptional repression of the 
equilibrative nucleoside transporter type 1 (hENT1) [41]. 

hENT1  facilitates   the   bidirectional   flux   (i.e.   intra  and 
extracellular) of adenosine [30,42]. Adenosine is a nucleoside that 
exerts its biological function mainly mediated by four adenosine 
receptors [43]. Adenosine positively regulates NO synthesis, exerts 
anti-inflammatory effects and is also a protective molecule under 
stress   conditions   [43,44].   In   GDM,   the   extracellular  adenosine 
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increases the expression and activity of the human cationic amino 
acid transporter 1 (hCAT-1), the transporter for L-arginine [37], in 
the fetoplacental vasculature endothelium. Moreover, adenosine 
activates and increases eNOS and NO synthesis [37]. These 
alterations lead to a vicious cycle of changes in the fetoplacental 
vasculature resulting in persistent endothelial dysfunction in GDM 
pregnancies [45] (Fig 1). However, it has not been determined where 
the dysregulation begins. 

Intra- and extracellular adenosine concentrations are not only 
regulated by hENT1 [46]. Adenosine can be metabolized by different 
enzymes [43]. Due to its high affinity for adenosine under 
physiological conditions, adenosine kinase (AK) is considered the 
major regulator of intracellular adenosine levels [47,48]. This enzyme 
catalyzes the formation of adenosine monophosphate (AMP) using 
adenosine and adenosine triphosphate (ATP) as phosphate donor 
[47]. Two isoforms of this enzyme are described, the nuclear and the 
cytoplasmic isoform (n-AK and c-AK, respectively) [49]. 

Adenosine is a final product of transmethylation reactions in 
cells, responsible (among others) for methylation-dependent gene 
expression regulation mechanisms [48,50]. Adenosine is formed by 
the hydrolysis of S-adenosylhomocysteine (SAH) mediated by the 
SAH hydrolase (SAHH). The reaction catalyzed by this enzyme is 
bidirectional and the balance towards adenosine formation (i.e., SAH 
hydrolysis) depends on the efficient clearance of adenosine, in which 
n-AK plays a crucial role [48,51]. 

Although the role of adenosine in the fetoplacental vasculature 
endothelium is well known, little is known about the role of AK. 
Indirect evidence, however, suggests that human umbilical vein 
endothelial cells (HUVECs) from GDM exhibit a lower activity of AK 
as compared with HUVECs from healthy pregnancies [52]. Such a 
lower AK activity might contribute to the accumulation of adenosine 
observed in GDM fetoplacental vasculature and the endothelial 
alterations triggered by this condition. Additionally, this might 
contribute to the epigenetic alterations observed in placentas from 
GDM [50,53,54]. 
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Figure 1. Altered fetoplacental vascular endothelium from GDM pregnancies. In 
GDM, an increased (⬆) nitric oxide (NO) synthesis due to expression and activity of 
endothelial NO synthase (eNOS; NOS3), human cationic amino acid transporter 1 
(hCAT-1; SLC7A1) occurs in the fetoplacental endothelium. The increased NO activates 
C/EBP homolog protein 10 (hCHOP). hCHOP binds to human equilibrative nucleoside 
transporter 1 (hENT1; SLC29A1) gene promoter reducing (⬇) its transcriptional activity 
and expression. The reduction of hENT1 (SLC29A1) expression might lead to an 
extracellular adenosine accumulation and activation of A2A adenosine receptors (AR). 
Activation of AR increases L-arginine transport with the subsequent increase in NO 
synthesis. In GDM human umbilical vein endothelial cells (HUVECs), a lower adenosine 
kinase (AK) activity has been suggested. This might contribute to the adenosine 
accumulation observed in GDM. However, whether this depends on nuclear or 
cytoplasmic AK isoform (n-AK and c-AK, respectively) remains to be elucidated. 
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The main goal of this thesis is to study how regulators of 
adenosine levels (the human equilibrative nucleoside transporter 1 
(hENT1) and adenosine kinase (AK)) are involved in the fetoplacental 
endothelial dysfunction in GDM. In our studies, we used HUVECs of 
GDM patients and of control pregnancies. We also used HUVECs 
from healthy pregnancies incubated with high D-glucose to mimic 
GDM. 

In chapter 3, we discuss the signaling link between adenosine 
and insulin. We first summarize the independent effects of adenosine 
and insulin in different tissues and cells. Then, we discuss evidence 
suggesting an interdependent effect of both molecules and the 
possible role of adenosine in the regulation of insulin signaling, with 
special emphasis on the human vasculature. 

In chapter 4, we describe the effects of diet and insulin  
therapy on the expression of hENT1 and the hENT1 transcriptional 
regulator, hCHOP, in the fetoplacental vasculature from GDM. 

In chapter 5, we summarize the information available on AK 
in endothelial function and in fetoplacental endothelial dysfunction 
in GDM. We propose a possible role of this enzyme in the 
fetoplacental endothelial dysfunction associated with GDM. 

In chapter 6, we first evaluate the expression in HUVEC of the 
isoforms of AK and the expression of transcriptional variants of 
hENT1, the two important regulators of adenosine levels. Thereafter, 
we study the effect of high D-glucose and AK inhibition in the 
expression of adenosine level regulators, AK, hENT1 and SAHH, and 
in DNA-methyltransferases associated with the maintenance of long- 
term consequences of GDM. 

In chapter 7, we characterize the effect of high D-glucose on 
endothelial function, endothelial inflammation and angiogenesis by 
measuring mRNA of markers, such as eNOS, ICAM-1, E-selectin and 
vascular endothelial growth factor receptor 2 (VEGF-2). Moreover, 
we evaluate the effect of AK inhibition on these changes. Additionally, 
we test the functional consequences of AK inhibition and high D- 
glucose in angiogenesis using a wound healing assay. 

In view of the proinflammatory state of fetoplacental tissue in 
GDM, in Chapter 8 we explore the effect of TNF-⍺, one of the major 
proinflammatory mediators [1], on endothelial dysfunction, 
inflammation and key adenosine metabolism regulators in different 
glucose level conditions. 

It has been shown that mitochondrial dysfunction plays an 
important role in type 2 diabetes-associated endothelial dysfunction 
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[2]. In Chapter 9 we hence focus on mitochondrial function in 
fetoplacental endothelial cells. We evaluate the effect of incubation of 
HUVECs with high glucose on parameters of mitochondrial function 
such as the oxygen consumption rate and the cellular mitochondrial 
content. We also explored the possible role of TNF-⍺ and AK in these 
effects. 

In Chapter 10, the results of this thesis are discussed. 
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Abstract 
Regulation of blood flow depends on systemic and local release of 

vasoactive molecules such as insulin and adenosine. These molecules cause 
vasodilation by activation of plasma membrane receptors at the vascular 
endothelium. Adenosine activates at least four subtypes of adenosine receptors 
(A1AR, A2AAR, A2BAR, A3AR), of which A2AAR and A2BAR activation leads to 
increased cAMP level, generation of nitric oxide, and relaxation of the underlying 
smooth muscle cell layer. Vasodilation caused by adenosine also depends on  
plasma membrane hyperpolarization due to either activation of intermediate- 
conductance Ca2+-activated K+ channels in vascular smooth muscle or activation 
of ATP-activated K+ channels in the endothelium. Adenosine also causes 
vasoconstriction via a mechanism involving A1AR activation resulting in lower 
cAMP level and increased thromboxane release. Insulin has also a dual effect 
causing NO-dependent vasodilation, but also sympathetic activity and increased 
endothelin 1 release-dependent vasoconstriction. Interestingly, insulin effects 
require or are increased by activation or inactivation of adenosine receptors. This is 
phenomenon described for D-glucose and L-arginine transport where A2AAR and 
A2BAR play a major role. Other studies show that A1AR activation could reduce 
insulin release from pancreatic ß-cells. Whether adenosine modulation of insulin 
biological effect is a phenomenon that depends on co-localization of adenosine 
receptors and insulin receptors, and adenosine plasma membrane transporters is 
something still unclear. This review summarizes findings addressing potential 
involvement of adenosine receptors to modulate insulin effect via insulin receptors 
with emphasis in the human vasculature. 
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Introduction 
A proper regulation of the vascular tone is essential to maintain 

vascular and systemic homeostasis compatible with life in humans. 
Several diseases associate with alterations in the vascular response to 
vasodilators or vasoconstrictors, including hypertension, diabetes 
mellitus, and obesity [1,2,11,3–10] These vascular reactivity complications 
associate with disorders of the heart and blood vessels, referred as 
cardiovascular disorders (CVDs), including coronary heart, cerebrovascular, 
and peripheral arterial disease. Vascular endothelial and smooth muscle 
cells play crucial roles in the efficiency of the vessels to dilate or contract 
in response to circulating or locally released molecules. Among a large 
variety of these molecules, are the endogenous nucleoside adenosine [12– 
14] and the hormone insulin [15–18], both of which act on plasma 
membrane receptors of relative high selectivity and specificity triggering 
differential signaling mechanisms according to the type of receptor(s) 
activated [17,19–21]. 

The biological effects of adenosine depend on its extracellular 
concentration and binding to plasma membrane adenosine receptors 
(ARs) [13,21,22]. ARs are coupled to stimulatory or inhibitory G proteins, 
which, among other things, lead to changes in the level of the adenylyl 
cyclase (AC)-generated cyclic AMP (cAMP), thus modulating cell function 
and metabolism [20,21]. ARs are four subtypes expressed in most cell 
types, including  the human  umbilical  cord vessels  and placenta 
vasculature, i.e., fetoplacental vasculature [23,24]. Activation or blockage 
of ARs could result in  greater risk to  develop diabetes mellitus, 
hypertension, or cancer [25]. Equally, ARs are essential in gestational 
diabetes mellitus (GDM) [26–28] and early or late preeclampsia [24,29]- 
associated human umbilical vein endothelial dysfunction. 

ARs are also critical in the biological effects of insulin in the 
human vasculature [24,28,30], and other cell types, including skeletal 
muscle [31–35] and adipocytes [36–40]. Interestingly, different levels of 
expression of insulin receptors (IRs), as well as triggering of their 
corresponding associated signaling mechanisms, is reported in human 
umbilical vein endothelial cells (HUVECs) from GDM pregnancies 
compared with cells from normal pregnancies [14,28,41]. This condition 
results in endothelial cell activation increasing the expression and activity 
of nitric oxide synthases (NOS) in HUVECs [14] and human placental 
microvascular endothelial cells (hPMECs) [42]. Thus, a close relationship 
between adenosine and ARs, and insulin and IRs is a mechanism that 
modulates cell function, including vascular endothelial and smooth 
muscle cells, in health and disease. 

This review addresses potential cellular and molecular 
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mechanisms behind the biological actions of adenosine via ARs as 
modulator of insulin effect via IRs with emphasis in  the human 
vasculature. 

 
Adenosine 

Adenosine is an endogenous purine nucleoside that results from 
the β-N9-glycosidic bond  between adenine and  D-ribose, and  is 
synthesized, released, and taken up by most, if not all the cells [43], 
including human fetoplacental vascular endothelial [14,17,26,44] and 
smooth muscle cells [44–46]. This nucleoside is widely recognized for 
being a local regulator of cellular function, mediating autocrine and 
paracrine mechanisms in response to acute alterations meeting the 
associated energy demands of cells [13,47]. These physiological processes 
include the local regulation of vascular tone in adults [48,49] and 
newborns [28,41] (Fig. 1). 

 
Extracellular and intracellular metabolism/catabolism of adenosine 

The extracellular level of adenosine increases when ATP 
consumption overpasses ATP synthesis, raising the level of AMP, which is 
a precursor for this nucleoside. Physiological adenosine concentration is 
~20-300 nmol/L in adult human blood [50,51] and umbilical vein blood 
[14,42].  Adenosine  shows with a short half-life  (~10 seconds)  in plasma 
[52] and in certain conditions, such as heavy exercise, increased nerve 
activity, low local oxygen environment (i.e., hypoxia), ischemia/ 
reperfusion, or acute inflammation, extracellular adenosine concentration 
increases and reaches ~1-10 µmol/L due to the associated imbalance in 
ATP catabolism/anabolism [21,53–55]. 

Intracellular pathways of adenosine formation in mammals regard 
with hydrolysis of the adenine-based nucleotides ATP, ADP, and AMP, 
and the activity of S-adenosyl-L-homocysteine hydrolase that generates 
adenosine and L-homocysteine (Fig. 2). A balance between the activity of 
cytosolic 5’-nucleotidases degrading AMP to generate adenosine, and 
AMP deaminase (AMPD) hydrolysing the amino group from the adenine 
ring of AMP to produce inosine 5′-monophosphate, is determinant in the 
generation of a given intracellular concentration of adenosine [56]. 
Adenosine generation at the extracellular space results from ATP and 
ADP phosphohydrolysis mediated by a two-step process involving 
ectonucleoside triphosphate diphosphohydrolase (ecto-NTPDase-1) to 
generate AMP, and the activity of ecto-5′-nucleotidase to  generate 
adenosine [57]. Adenosine degradation to inosine is  mediated via 
adenosine deaminase (ADA). Cytoplasmic adenosine kinase regulates 
intracellular adenosine concentration forming AMP. Since ADA has lower 
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Figure 1. Biological effects of adenosine via adenosine receptors 
activation. Adenosine activates adenosine receptor subtype 1 (A1AR), 2A 
(A2AAR), 2B (A2BAR), or A3 (A3AR). The biological effect is an increase (⬆) or 
decrease (⬇) of the indicated phenomena. Activation of these receptors mediates 

cell signaling mechanisms involving cyclic AMP (cAMP), nitric oxide (NO), 
phosphatidylinositol 3 kinase (PI3K), protein kinase B (Akt), endothelin 1 (ET-1), 
tromboxanes (ThX), ATP-activated K+ channels (KATP). Composed from 
references addressed in the text and Table 1. 

 
affinity (Km ~20 µmol/L) for this nucleoside compared with adenosine 
kinase (Km ~2 µmol/L) [53,58,59], inosine formation from adenosine via 
ADA is not a preferential, but adenosine phosphorylation is a preferential 
pathway to maintain physiological intracellular level of this nucleoside. 

 
Plasma membrane nucleoside transporters 

Extracellular and intracellular concentration of adenosine is also 
regulated by the capacity of cells to take up this nucleoside via plasma 
membrane transport mechanisms [60,61]. The most well described 
transport mechanisms include the Na+-independent equilibrative (ENTs) 
and Na+-dependent concentrative (CNTs) nucleoside transporters  [61]. 
At least two ENTs isoforms mediate adenosine transport across the 
plasma membrane, i.e., ENT1 and ENT2, thus regulating extracellular and 
intracellular adenosine concentration in mammalian cells. Transport 
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Figure 2. Adenosine synthesis and catabolism. The metabolic activity of 
the cells (Intracellular metabolism) generates ATP, which is then exported to the 
extracellular space via different mechanisms including the possibility of 
hemichannels (Hc). Extracellular ATP concentration is increased due to the 
release from different phenomena in cells and tissues including platelet 
aggregation, neurotransmission, vascular shear-stress, and from damaged 
cells. ATP is converted to ADP via the ecto-NTPDase-2 (CD39L1) and to AMP via 
the ecto-NTPDase-1 (CD39) activity. AMP is also generated via the activity of the 
adenylate kinase (AdK). AMP is then converted into adenosine (Adenosine) via 
the ecto-5′-nucleotidase (CD73) activity. Adenosine extracellular level is also 
maintained by a potential direct release of this nucleoside from tissues and cells 
to the extracellular space. Adenosine removal from the extracellular space results 
from its conversion to inosine via ecto-adenosine deaminases (ADA) and the 
uptake mediated by nucleoside transporter (NTs) at the plasma membrane. Once 
adenosine is in the intracellular space it is phosphorylated to generate AMP via 
adenosine kinase (AK), which is then hydrolysed by AMP deaminase (AMPD) 
generating inosin monophosphate (IMP). Adenosine is also metabolized to 
inosine by intracellular ADA. An increase in the intracellular level of adenosine 
also results from the hydrolysis of S-adenosyl-L-homocysteine (SAH) via the 
activity of SAH hydrolase (SAHh) to generate L-homocysteine (L-Homocysteine). 
Additionally, the activity of cytosolic 5’-nucleotidases (c5’NT) generates 
adenosine from AMP. The increase of adenosine in the extracellular space could 
leads to activation of adenosine receptors (ARs) to trigger signaling mechanisms 
increasing the synthesis, release, or activity of cyclic AMP (cAMP), nitric oxide 
(NO), phosphatidylinositol 3 kinase (PI3K), protein kinase B (Akt), endothelin 1 
(ET-1), tromboxanes (ThX), ATP-activated K+ channels (KATP). However, the 
precise role of these molecules in the synthesis and catabolism of adenosine is 
not well described (?). Light blue arrows show reactions to increase adenosine 
formation. Red arrows show reactions to decrease adenosine formation. 
Composed from references addressed in the text. 
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activity and its contribution to this phenomenon are less clear for ENT3, 
which is predominantly intracellular at lysosomal membranes [62], and 
ENT4 that transport adenosine and monoamines [61,63]. CNTs include at 
least three proteins, CNT1 (largely selective for pyrimidine nucleosides, 
with low affinity for adenosine), CNT2 (largely selective for purine 
nucleosides), and CNT3 (selective for both purine and pyrimidine 
nucleosides). Interestingly, even when CNTs present with higher affinity 
for their substrates, the number of molecules per transporter per second 
(i.e., turnover number of transport) is lower than for the ENTs-mediated 
transport for example for uridine and adenosine (~300 molecules per 
transporter per second for human ENT1 (hENT1)-mediated in HUVECs 
[26]. 

 
Adenosine receptors 

Several excellent and detailed reviews addressing the 
biochemistry, and biophysics and functionality of ARs are currently 
available [20,21,64–67]. Biological effects of adenosine are mediated by 
activation of ARs coupled either to G inhibitory (Gi) protein for adenosine 
receptor A2A (A2AAR) and A2B (A2BAR) subtypes, or stimulatory (Gs) 
protein for adenosine receptor A1 (A1AR) and 3 (A3AR) subtypes. These 
ARs present with different affinities for adenosine being in the range of 
~100-310  nmol/L  for  A1AR,  A2AAR,  and  A3AR,  but  in  the  range   of 
~5000 mol/L for A2BAR. A1AR is ubiquitously expressed throughout the 
body, coupled to Gi/o-dependent signals inhibiting AC activity, activating 
K+, but inhibiting Ca2+ channels. A1AR activation also increases Ca2+ 
mobilization via a pertussis toxin-sensitive, G protein βγ subunit 
dependent mechanism by activating phospholipase Cβ (PLCβ) 
[20,64,68–70]. A2AAR activate Gs and Golf (olfactory G protein, first 
identified in the olfactory epithelium) proteins [71] increasing cAMP 
generation and protein kinase A (PKA) activity, and is mainly associated 
with NO-dependent vasodilation. A2BAR is coupled to Gq protein, 
activates mitogen-activated protein kinases (MAPKs) [72], and is involved 
in NO-dependent vasodilation. The Gi protein coupled-A3AR reduces AC 
activity and is depalmitoylated making this ARs subtype susceptible to 
desensitization [73,74]. 

 
Insulin 
Synthesis and release of insulin 

Insulin is the major controller of D-glucose homeostasis and other 
functions in the human body (Fig. 3). It is an endocrine peptidic hormone 
synthesized and secreted by pancreatic β-cells. Human insulin is a 51- 
amino acid residues structure containing two peptide chains (A and B) 
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joined by disulphide bonds [75,76]. Insulin release by pancreatic β-cells 
results in response to high extracellular concentration of D-glucose [76– 
78], L-glutamine, and L-leucine [79], and high intracellular level of cAMP 
[80]. Since D-glucose–induced insulin secretion depends on the uptake 
and degradation of D-glucose in the pancreatic β-cells [76], insulin release 
from these cells relies on the availability of D-glucose from the vasculature 
surrounding the pancreatic islets [75,78]. 

 
Insulin receptors 

Insulin activates  receptors  of insulin  (IRs)  at the plasma 
membrane [14,15,18,81]. Insulin signaling occurs by activation of at least 
two isoforms of IRs, i.e., insulin receptor A (IR-A) and B (IR-B) [17]. 
Physiological plasma level of insulin activates IR-A  ending in a 
preferential activation of p44 and p42 MAPKs (p42/44mapk) rather than 
protein kinase B (Akt) (i.e., activated p42/44mapk/activated Akt >1), a 
phenomenon referred as mitogenic phenotype [17,41]. However, 
preferential activation of IR-B results in a ratio for activated 
p42/44mapk/activated Akt <1 that is referred as metabolic phenotype 
[17,41]. A differential mRNA expression of IR-A and IR-B, as well as their 
associated signaling mechanisms, is reported in HUVECs and hPMECs 
from GDM pregnancies compared with cells from normal pregnancies 

 
 

 

Figure 3. Biological effects of insulin via insulin receptors activation. 
Insulin activates insulin receptor subtypes A (IR-A) or B (IR-B) to cause several 
biological effects as shown. Some biological effects of insulin are still unclear 
regarding their association with a single or both insulin receptor subtypes 
(unknown IR). VSMCs, vascular smooth muscle cells. Composed from references 
addressed in the text and Table 2. 
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[14,28,41,42]. Thus, target cells will respond to insulin depending on the 
IRs type that is available at the plasma membrane in the human 
fetoplacental vascular endothelium [11] Insulin shows two surfaces 
contact sites composed of hormone dimerizing (contact surface 1) or 
hormone-hexamerizing (contact surface 2) residues. These contact 
surfaces are thought to interact with IRs contact sites 1 and 2, respectively 
[81,82]. A dynamic between the exposure of insulin surfaces and their 
binding kinetics to IRs contact sites could be determinant in the 
responsiveness of cells to insulin. Whether this is happening for IR-A and 
IR-B types is not yet reported. However, this phenomenon could be 
determinant in diseases where cells are less responsive to this hormone 
such as in insulin-resistant associated diseases including diabetes mellitus 
and obesity, or where insulin binding could be under modulation by other 
factors, including adenosine [11,28,30]. 

 
Vascular effects of adenosine 
Vasodilation 

Readers are guided to review these initial findings and recent 
excellent original studies and reviews on adenosine vascular action 
[11,48,49,83,84]. Since approximately 90 years from now adenosine was 
reported to cause vasodilation in humans and animal experimental 
models (see [84]). Adenosine caused dilation of human pial arteries in 
vitro, a phenomenon that likely depended on the nature of the vessel 
since this nucleoside did not alter extracranial arteries tone [85]. Studies 
performed in coronary vessels in dogs show increased blood flow in 
response to intravenous injection of adenosine [86]. Similar findings were 
reported in studies where adenosine was infused in patients undergoing 
cerebral aneurysm causing hypotension due to a decrease in  the 
peripheral arterial resistance with a parallel increase in the plasma 
adenosine concentration from 0.15 to 2.5 µmol/L [87]. In the latter study, 
the use of dipyridamole, a general inhibitor of adenosine uptake [61], 
caused a pronounced vasodilation in response to adenosine likely due to 
reduced removal of extracellular adenosine, thus leading to higher 
concentrations activating the relevant ARs. Dipyridamole was also shown 
to potentiate (2-5-fold) the adenosine-increased forearm blood increased 
in normal human subjects [88]. These studies are demonstrations of the 
dynamics between adenosine uptake and ARs activation by adenosine in 
the human vasculature. 

 
Role of nitric oxide on adenosine effect 
Vascular endothelial cells exposed to adenosine respond with an 

increase in the activity of endothelial NOS (eNOS) and synthesis of NO 
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Figure 4. Adenosine modulation of vascular tone. Adenosine activates 
adenosine receptor subtype 1 (A1AR), 2A (A2AAR), 2B (A2BAR), or A3 (A3AR). 

A2AAR and A2BAR activation increases (⬆) adenylyl cyclase (AC), cyclic AMP 

(cAMP),  protein  kinases  A  (PKA)  and  B  (Akt),  and  p44/42  mitogen-activated 
protein kinases (p44/42mapk). The changes in the activation state of these proteins 
result in activation of the nitric oxide synthases (NOS) to convert L-arginine into L- 
citrulline and nitric oxide (NO). The gas NO activates ATP-activated K+ channels 
(KATP) and intermediate-conductance Ca2+-activated K+ channels (IKCa) to 
increase the efflux of K+ leading to membrane hyperpolarization (Vm) that results 
in activation of the maximal transport capacity of L-arginine mediated by the 
human cationic amino acid transporter 1 (hCAT-1). These modifications in the 
activity of the cells lead to Vascular smooth muscle relaxation and vasodilation 
(Vasodilation). A1AR and A3AR activation reduces (⬇) AC and cAMP, resulting in 
reduced NOS activity by unclear mechanisms (?). A not well-understood signaling 
(?) leads to reduction in the Ca2+ intracellular overload reducing the Ca2+- 
dependent  NOS  activity  in  vascular  cells.   Activation  of  A1AR  increases  (⬆)  the 
synthesis of phospholipase C ß (PLC ß), tromboxane A2 and vasoconstrictor 
prostaglandins. Activation of this subtype of adenosine receptors could also leads to 
membrane depolarization (Vm) through the modulation of KATP and IKCa activity 
by unclear mechanisms (?). Activation of A1AR and A3AR subtypes by adenosine 
results in Vascular smooth muscle contraction and vasoconstriction 
(Vasoconstriction). Composed from references addressed in the text and Table 1. 
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[26,28,30], a phenomenon seen in several endothelial cell types and 
tissues [11,89–91] (see Table 1). Adenosine is used to estimate coronary 
flow reserve to adenosine in normal subjects and in patients with 
coronary artery disease [49]. However, studies in patients are restricted to 
the systemic use of general NOS inhibitors. NO-dependent vasodilation 
caused by adenosine is shown to result from activation of A2AAR leading 
to increased cAMP in hPMECs [29] and p44/42mapk phosphorylation 
(i.e. activation) in HUVECs [26]. This effect of adenosine was blocked by 
the A2AAR  antagonist ZM241385 and  the  sequence of signaling 
mechanisms involved was adenosine – A2AAR activation – increased 
cAMP/PKA/PKC – higher eNOS expression and activity – higher NO 
level – p44/42mapk activation. This signaling pathway ended in 
increased expression of SLC7A1 gene (for human cationic amino acid 
transporter 1 (hCAT-1)) and hCAT-1 mediated L-arginine transport 
[11,27,91]. Activation of ARs causing increased NO synthesis and L- 
arginine transport was referred as ALANO (standing for Adenosine/L- 
Arginine/NO) signaling pathway in HUVECs [26,27,92]. Thus, activation 
of A2AAR and A2BAR leads to vasodilation dependent on NO synthesis 
and other mechanisms involving increased cAMP synthesis and PKA 
activation in the human fetoplacental vasculature (Fig. 4). It is also 
reported that adenosine could cause a NO-independent vasodilation in 
several organs and vascular beds, including human forearm skeletal 
muscle [93], human resistance vessels [88], and kidney circulation in 
hypertensive patients [94]. However, ARs subtype and  associated 
signaling mechanisms involved in this response to adenosine is unclear. 
On the other hand, there is little evidence that A3AR is involved in blood 
pressure changes [95,96]. A role of A3AR as vasodilator was shown in rat 
coronary vessels [44,97], a phenomenon that is likely mediated by 
activation of PKC and ATP-activated K channels (KATP) channels in 
vascular smooth cells [97–99]. Additionally, the A3ARi splice variant of 
A3AR detected in rat hearts was proposed to contribute to the coronary 
vasodilation in these animals [97]. 

 
Role of oxidative stress on adenosine effect 
Oxidative stress is a condition that affects the vasculature where 

NADPH oxidase (Nox) activity plays crucial roles. Activation of Nox 
generates reactive oxygen species (ROS) in primary cultures of HUVECs 
incubated with high extracellular D-glucose [114,115]. The main ROS 
specie generated under this environmental condition (~80%) was 
superoxide anion (O2.–). The increase in O2.– generation was a 
phenomenon associated  with higher  hCAT-1–mediated L-arginine 
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HUVECs, human umbilical vein endothelial cells; BMDCs, bone marrow-derived 
endothelial cells; LOPE, late-onset preeclampsia; JMX, juxtaglomerular; STZ, 
streptozotocin; hCAT-1, human cationic amino acids transporter 1; NO, nitric 
oxide; A1AR, A1 adenosine receptor subtype; A2AAR, A2A adenosine receptor 
subtype; A2BAR, A2B adenosine receptor subtype; A3AR, A3 adenosine receptor 
subtype; Ca2+, calcium; KATP, ATP activated K+ channels; PGI2, prostaglandin 
I2; cAMP, cyclic AMP. 

 
transport in this fetoplacental endothelium [114]. Recent studies also 
proposed that Nox generates hydrogen peroxide (H2O2) in this cell type 
[116]. H2O2 causes vasodilation in mice cerebral arteries [117] likely via a 
mechanism that was independent of A1AR, A3AR, or A2BAR activation 
[118,119], but dependent on A2AAR activation [119]. Thus, ROS- 
dependent vasodilation caused by adenosine is highly specific for this type 
of ARs. The role of A2AAR activation in vascular reactivity and the 
involvement of ROS in this phenomenon are also suggested from studies 
in A2AAR knockout mouse [120]. Adenosine-caused coronary reactive 
hyperemia requiring A2AAR resulted from higher H2O2 generation 
leading to activation of KATP channels in the vascular smooth muscle 
[121,122]. 

The dependency of ARs (particularly A1AR, A2AAR, and A2BAR) 
on the generation of ROS has also been suggested in studies where the use 
of an A1AR and A2AR non-specific antagonist caused hypertension in rats 
[123]. The authors concluded that antagonizing these ARs result in 
increased Nox and generation of hydrogen peroxide (H2O2) from the 
O2.–. Thus, activation of A1AR, A2AAR, and A2BAR will maintain a 
normotensive vascular tone by keeping low the Nox-generated O2.– in 
these animals. 

Interestingly, adenosine-increased rat coronary blood flow involves 
A2AAR activation requires p44/42mapk phosphorylation [118]. Since 
exposure of HUVECs from normal pregnancies to high extracellular D- 
glucose result in higher p44/42mapk phosphorylation [114,124] and 
increased extracellular concentration of adenosine [26], it is likely that 
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A2AAR activation by adenosine leading to increased L-arginine transport 
and NO synthesis [27,30] may result from increased generation of ROS in 
this type of endothelium. In fact, supporting this possibility are the 
findings showing that high extracellular D-glucose causes an increase in 
the hCAT-1–mediated  L-arginine transport  in parallel  with Nox- 
generated O2.– in this cell type [114]. Furthermore, D-glucose effect on L- 
arginine transport and p44/42mapk phosphorylation was blocked by the 
Nox-inhibitor apocynin and the O2.– scavenger tempol in HUVECs. 

It is reported that ß-adrenergic preconditioning in rat hearts was 
dependent on A3AR activation and mediated by  ROS generation 
involving activation of p44/42mapk and Akt [125]. These findings 
complement those suggesting that activation of A3AR with specific 
agonists results in ROS generation leading to cell death in a cell line of 
human glioma cells via a similar signaling mechanism [126]. However, 
the involvement of A3AR activation in cancer cells is still controversial 
since reports in AT6.1 rat prostate cancer cells show that A3AR-activation 
dependent reduced proliferation and metastasis result from inhibition of 
Nox and p44/42mapk activity [127]. Thus, A3AR involvement in the 
response of cancer cells due to changes in Nox-generated ROS will 
depend on the type of cancer. In addition, these findings could reflect a 
response in cancer cells rather than in non-cancer cells since A3AR are 
not involved in the modulation of L-arginine transport and NO synthesis 
in HUVECs [24,28,30]. 

 
Role of K+ channels on adenosine effect 
Assays in human coronary arterioles under a pharmacological 

approach suggest that intermediate-conductance calcium-activated 
potassium (IKCa) channels were involved in the response of this type of 
vascular smooth muscle to adenosine [128]. Activation of IKCa channels 
leads to plasma membrane hyperpolarization, probably due to activation 
of A2AAR, A2BAR, or both, and perhaps a parallel depolarization of the 
plasma membrane via activation of A1AR. KATP channels may also be 
involved in the response of vascular smooth muscle to activation of ARs 
receptors [121,122]. Increased NO synthesis associates with KATP 
activation leading to plasma membrane hyperpolarization in primary 
cultures of HUVECs from normal pregnancies exposed to elevated 
extracellular concentrations of D-glucose (25 mmol/L for 24 hours) [129]. 
Activation of KATP channels with glibenclamide (a general K+ channels 
activator) also increased the maximal transport capacity (defined as the 
ratio between Vmax/Km for transport kinetics) [130,131] of L-arginine 
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transport in this cell type. The latter suggests a connection between the 
membrane potential sensitive transport of the cationic amino L-arginine, 
KATP, and NOS activity in this type of human fetal endothelium. 
Interestingly, since high D-glucose also increased the extracellular 
accumulation of adenosine in this cell type in vitro reaching 1.5 mol/L 
[132], and increased p42/44mapk phosphorylation [114,124] and 
expression of hCAT-1 isoform [114,133], ARs activation was likely 
mediating these effects of extracellular D-glucose in HUVECs. 
Considering that A2AAR and A2BAR signal through increased NO 
synthesis and all ARs subtypes signal increasing p42/44mapk and PKA 
activation [27], any of these receptors could be responsible for high D- 
glucose effect in HUVECs. More recently, it was shown that adenosine 
and nitrobenzylthioinosine (NBTI)-increased extracellular adenosine 
result in stimulation of L-arginine transport and the transcriptional 
activity of SLC7A1 coding for hCAT-1 in HUVECs [28]. 

 
Vasoconstriction 

Adenosine also causes vasoconstriction in several vascular beds 
including the human placenta [134], human and animal kidney [135– 
140], sheep lung [141], and human lung [142] (see Fig. 4). Adenosine 
infusion causes constriction in dog kidney afferent and efferent arteriole 
via activation of A1AR, a finding less pronounced when higher doses of 
this nucleoside were used [138]. Thus, under conditions where all the ARs 
subtypes are activated by adenosine concentrations overpassing their Kd 
for this nucleoside, a vasodilator effect mediated by activation of A2AAR 
and A2BAR could mask a vasoconstrictor effect by A1AR activation. 
Adenosine was thought to cause partial endothelium-dependent 
vasoconstriction via A2AAR activation in human chorionic arteries and 
veins, a response that also seems mediated by the release of thromboxane 
rather than the expected vasodilator effect of the  cAMP-classical 
activation cell signaling mediated by the activation of these ARs [134]. 
However, since an A1AR agonist also caused vasoconstriction it is likely 
that this type of ARs subtype is involved in the response to adenosine in 
these human placenta vessels. Additionally, the vasoconstriction caused 
by adenosine in endothelium-denuded vessels was partially reduced. 
Thus, vascular smooth muscle is likely to play a role in the response of 
these vessels to adenosine. 

The role of A3AR in vasoconstriction is scarcely known. In a recent 
study in A3AR knockout mice subjected to nephrectomy and a diet high 
in salt did not develop hypertension [143]. Thus, it is likely that this 
subtype of ARs is also involved in causing vasoconstriction. Since A3AR 
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activation also leads to inhibition of adenylyl cyclase activity, thus 
lowering cAMP level [21], it is likely that hypertension could result from 
reduced cAMP-signaling associated mechanisms. The cell signaling 
mechanisms resulting from A3AR activation to cause vasoconstriction in 
the human vasculature is not available and stays as a future research field 
to develop. 

 
Vascular effect of insulin 
Vasodilation 

As mentioned, at very early times peripheral vasodilation was 
described in human subjects that received insulin [144]. It was initially 
believed that insulin causes a decrease in vascular resistances as a 
consequence of this hormone’s induced systemic hypoglycemia. However, 
insulin in a dose that is not causing hypoglycemia increased the forearm 
blood flow and reduced the forearm vascular resistance in human subjects 
[145]. Further studies showed that insulin reduced the sympathetic- 
induced vasoconstriction in humans [146], reinforcing its  role as 
vasodilator or as modulator of the vascular response. 

Vasodilation in human skeletal muscle caused by insulin 
intravenous injection [147] or in subjects with hyperinsulinemia [148] is a 
NO-dependent phenomenon (Fig. 5). Insulin causes vasodilation in at 
least two steps, i.e., first causing a rapid (lasting few minutes) dilation of 
terminal arterioles with no changes in the capillary blood flow, but 
requiring capillary recruitment (increase in the number of perfused 
capillaries), and a second step (lasting several minutes to hours) that 
comprises dilation of larger resistance vessels resulting in increased 
capillary blood flow [149]. Since NO generation in response to insulin is 
rather a rapid (few minutes) mechanism in the human microvasculature 
and macrovasculature [91], NO-mediated signaling for insulin effect is a 
first response, which is followed by activation of NO-dependent secondary 
associated mechanisms. Indeed, in isolated human umbilical vein rings 
from normal pregnancies insulin causes rapid (2-3 minutes) 
endothelium-derived, NO-dependent dilation requiring p44/42mapk and 
PKB/Akt activity [28,30]. Since the latter was measured in vessels rings 
mounted a wire myograph, the relevance of these findings is  of 
importance, but they must be taken with caution since the setup in vitro is 
clearly far from observations described for systemic vasodilator effect of 
insulin. However, in healthy young adults insulin infusion in the legs 
caused an increase in blood flow and capillary recruitment, an effect that 
was suggested to be dependent on endothelium activation since L-NMMA 
blocked insulin vasodilation [150]. Interestingly, when insulin was infused 
together with L-NMMA activation of the mammalian target of rapamycin 
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(mTOR) complex 1 (mTORC1), which is promoting translation initiation 
and accelerating muscle protein synthesis [151], was reduced. Thus, NO 
(likely derived from the endothelium in response to insulin) could sustain 
mTORC1 activation in humans to cause vasodilation. The results agree 
with findings in normal subjects where insulin was administered into the 
brachial artery [152]. The results suggest that insulin caused a reduction 
in the forearm vascular resistance that was dependent on NO synthesis 
since it was inhibited by L-NMMA, and was independent of locally 
released prostaglandins since the cyclooxygenase inhibitor indomethacin 
did not alter the vasodilation caused by insulin. Thus, most of the studies 
addressing vasodilation caused by insulin regards with the generation of 
NO from the vascular bed studied. The potential source of NO in these 
assays in unclear since inhibitors of NOS activity act indistinctly on the 
vascular endothelium and vascular smooth muscle. 

Assays in vitro using vascular endothelial and smooth muscle cells 
show that the response of these cell types to insulin includes increased 
hCAT-1–mediated L-arginine transport and expression and increased NO 
synthesis (Table 2). This phenomenon results from IR-A activation by 
insulin triggering of ARs-dependent ALANO signaling pathway due to the 
extracellular accumulation of adenosine as a consequence of reduced 
hENT1/hENT2-mediated adenosine transport [11,28,30,91]. 

 
Vasoconstriction 

Insulin causes vasoconstriction via mechanisms involving 
activation of the sympathetic nervous system (Fig. 5), a phenomenon that 
is proposed to oppose to NO-mediated vasodilation caused by this 
hormone. Additionally, endothelin release from the endothelial cells is a 
mechanism that also mediates vasoconstriction. Excellent and detailed 
reviews describing this phenomenon are available (see [149,171,172]). 

Insulin increases the catecholamine levels and sympathetic activity 
in doses that caused massive fall in plasma D-glucose concentration [173– 
175]. Interestingly, a more efficient NO-dependent vasodilation in 
response to insulin was reported in patients undergoing sympathectomy 
[176], suggesting the possibility that a mechanism other than insulin- 
induced vasodilation that was independent of NO was functional in 
humans. It was shown that ß-adrenergic or cholinergic signals may not be 
involved in the vasodilator actions of insulin to increase calf blood flow in 
human [177]. However, this is uncertain since involvement of these 
modulatory mechanisms of blood flow in humans is still controversial 
[149,171]. Indeed, insulin causes dilation of distal arterioles, but 
contraction of proximal arterioles, thus making clear that different 
mechanisms will result from insulin action in a same or different vascular 
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Figure 5. Insulin modulation of vascular tone. Insulin activates insulin 
receptors  A  (IR-A)  or  B  (IR-B).  IR-A  activation  increases  (⬆)  the  activator 

phosphorylation of insulin receptor substrate 1 (IRS-1), phosphatidylinositol 3 
kinase (PI3K), nuclear factor kappa-light-chain-enhancer of activated B cells 
(NFkB), vascular endothelial growth factor (VEGF) synthesis and release, and 
p44/42 mitogen-activated protein kinases (p44/42mapk). IR-B activation 
increases protein kinase B (Akt) activity, c-Jun N-terminal kinases (JNK), and 
mammalian target of rapamycin complex 1 (mTORC1). Insulin-activation of IR- 
A and IR-B ends in higher nitric oxide synthases (NOS) activity converting L- 
arginine into L-citrulline and nitric oxide (NO). The gas NO is thought to  
increase the synthesis and release of endothelin 1 (ET-1). ET-1 activates 
endothelin B receptors (ETB) stimulating the release of endothelial-derived 
relaxing factors (EDRFs). Additionally, insulin activates the maximal transport 
capacity for L-arginine through the human cationic amino acid transporter 1 
(hCAT-1).  The  role  of  p44/42mapk  as  modulator  of  NOS  activity,  or  NOS as 

modulator of p44/42mapk activation, is unclear. These modifications in the 
activity of the cells caused by insulin lead to Vascular smooth muscle relaxation 
and Vasodilation. Insulin also increases prostaglandins and ET-1 synthesis and 
release, likely through IR-B activation. The release of ET-1 activates endothelin A 
receptors (ETA) to increase the release of endothelial derived constrictor factors 
(EDCFs). These mechanisms lead to Vascular smooth muscle contraction and 
Vasoconstriction. Additionally, insulin increases PI3K, p44/42mapk, the 
sympathetic activity, and the synthesis and release of catecholamines at the 
central nervous system (Hypothalamus) resulting in Vasoconstriction (light blue 
dotted arrow). Composed from references addressed in the text and Table 2. 
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bed. Interestingly, insulin activates MAPKs and PI3K in rat hypothalamus 
[178]. Since this effect was differential in several regions of  the 
hypothalamus, and because MAPKs and PI3K signaling pathways are 
preferentially activated by IR-A and IR-B, respectively [17], it is likely that 
insulin via differential activation of these IRs subtypes will result in the 
control of the vascular tone starting with sympathetic activation at the 
central nervous system. The general accepted proposal is that insulin 
vasoconstriction due to sympathetic activation is masked and overpassed 
by the dilatory effect of  this hormone. However, in  obesity and 
hypertension, insulin effect is favored in the sense of a sympathetic 
pressor action [174,179,180]. It is now clearer that other pathologies or 
conditions associated with defects in insulin signaling, such as GDM 
[17,28], preeclampsia [24,181], or hyperglycemia [26,129,182], show with 
lower triggering of cell signaling mechanisms including those mediated by 
NO, p42/44mapk, Akt, and PI3K, in the human endothelium [183]. 
Whether these mechanisms at the endothelial cell level are in parallel with 
a central sympathetic control of the vascular tone is a phenomenon not 
fully uncovered [11,91,179,183]. 

Insulin also increases the synthesis and release of the 
vasoconstrictor endothelin-1 (ET-1) at the vascular endothelium 
[164,184–186]. Additionally, hyperinsulinemia increases ET-1 synthesis 
and release resulting in reduced vasodilation in human skeletal muscle 
arterioles [184]. Thus, the insulin resistance or a less responsiveness of 
the vasculature to insulin results in this phenomenon, or alternatively 
increased vasoconstriction. ET-1 increases blood  pressure  depending 
on its circulatory concentration, a response proposed to counteract the 
insulin vasodilator effect in humans [187]. Indeed, insulin increases the 
expression of ET-1 mRNA in the endothelium [164] suggesting a 
potential long lasting, and not only a rapid, local effect of insulin in this 
type of cells. ET-1 acts in the endothelium to activate either endothelin 
receptor A (ETA) or B (ETB), both of which are expressed in these cells. 
ETB activation by ET-1 leads to increased synthesis and release of 
endothelial derived relaxing factors (EDRFs) resulting in relaxation of 
vascular smooth muscle cells and subsequent vasodilation. However, 
ETA activation results in vasoconstriction due to the release of endothelial 
derived contracting factors (EDCFs). A general agreement is that 
endothelial cells will also release cyclooxygenase-derived vasoconstrictor 
prostaglandins, thus contributing to other molecules-induced contraction 
of blood vessels (for informative reviews see [186,188]). 

 
Insulin and adenosine signaling are interdependent 

Tonic adenosine action, probably via A1AR, facilitates insulin- 
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HUVECs, human umbilical vein endothelial cells; hPMECs, human placental 
microvascular endothelial cells; HMECs, human  microvascular  endothelial 
cells; hAVSMCs, human aorta vascular smooth muscle cells; fpECs, feto- 
placental endothelial cells; HAECs, human aortic endothelial cells; bAVSMCs, 
bovine aortic VSMCs; BAECs, bovine aortic endothelial  cells;  mAVSMCs,  
mouse aorta VSMCs; rAVSMCs, rat aorta VSMCs; GDM, gestational diabetes 
mellitus; T1DM, type 1 diabetes mellitus; hENT1, human equilibrative 
nucleoside transporter 1; hENT2,  human  equilibrative  nucleoside  transporter 
2; hCAT-1, human cationic amino acids transporter 1; hCAT-2, human cationic 
amino acids transporter 2A/B; NO, nitric oxide; iNOS, inducible nitric oxide 
synthase; eNOS, endothelial nitric oxide synthase; IRS-1, insulin receptor 
substrate 1; Vmax/Km, maximal transport capacity; LOPE, late-onset 
preeclampsia; IR-A, insulin receptor A, IR-B, insulin receptor B; A2AAR, A2A 
adenosine receptor subtype; A1AR, A1 adenosine receptor subtype; KATP, ATP 
activated K+ channels; SLC7A1, solute like carrier 7A1  gene;  Akt,  protein  
kinase B; AP-1, activator protein  1;  cGK-Iα,  cGMP-dependent  protein  kinase 
Iα; cGMP, cyclic guanosine monophosphate; ERKs, extracellular signal- 
regulated kinases; ET-1, endothelin 1; HIF-1α, hypoxia-inducible  factor-1α;  
HSP90, heat shock protein 90; IGF-IR, insulin-like growth factor 1 receptor; 
JNK, c-Jun N-terminal kinases; MKP-1, mitogen activated protein kinase 
phosphatase-1; MT1-MMP, membrane-type matrix metalloproteinase 1; 
mTOR, mammalian target of rapamycin; NF-κB, nuclear factor kappa-light- chain-
enhancer  of  activated  B  cells;  p38mapk,  p38  mitogen-activated protein 
kinases; p42/44mapk, p42 and p44 mitogen-activated protein kinases;  
p70S6K,  p70S6  kinase;  PI3K,  phosphatidylinositol  3  kinase;  PKC,  protein 
kinase C; PKG, protein kinase G; TNF-α, tumour necrosis factor α; UCP-2, 
uncoupling protein 2; VCAM-1, vascular cell adhesion molecule 1; VEGF, 
vascular endothelial growth factor. 
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dependent D-glucose transport in rat soleus muscle [35]. Since the 
response of this tissue to insulin was reduced in 50% when extracellular 
adenosine was removed by ADA or ,methylene adenosine diphosphate 
(AOPCP, which inhibits the extracellular membrane-bound 5’- 
ectonucleotidase for conversion of AMP to adenosine) a large component 
of the insulin stimulation of 3-O-methyl-D-glucose uptake is likely to 
depend on extracellular adenosine. This phenomenon may result from 
altered protein abundance of GLUT4 at the plasma membrane as shown 
in rat epitrochlearis and soleus muscle in response to insulin [32]. Since 
expression, plasma membrane availability, and activity of GLUT4 are 
regarded as essential in  diseases coursing with insulin resistance, 
adenosine and activation of ARs form part of the scenario of a lower tissue 
response to insulin or insulin resistance. However, the potential beneficial 
effects of adenosine and activation of ARs on insulin biological effects is 
variable. For example, in terms of regulation of D-glucose transport and 
transporters (expression and activity) some studies show no effect of 
adenosine [189], others show an increase [32,33] or a decrease [190,191] 
in response to insulin. Thus, nothing is still definitive regarding a 
potential adenosine modulation of insulin action on D-glucose uptake and 
expression of GLUTs in human tissues. 

Studies in vitro using primary cultures of HUVECs from normal 
pregnancies reported that insulin-increased L-arginine transport was 
blocked in the presence of A2AAR antagonists [28,30]. In addition, in the 
absence of insulin L-arginine transport was higher following activation of 
A2AAR, but not A2BAR. The mechanisms involved in the insulin or 
adenosine-increased L-arginine transport seems to be highly specific for 
hCAT-1 compared with hCAT-2B in terms of increasing its maximal 
transport activity. This phenomenon was also seen for the promoter 
transcriptional activity of SLC7A1 (for hCAT-1), but not SLC7A2 (for 
hCAT-2A/B) expression. The regulatory region at these promoters was 
delimited between the –600 pb from the potential starting transcriptional 
point in these genes [133]. Thus, upregulation of L-arginine transport is a 
phenomenon that requires differential ARs subtype activation depending 
on the absence or presence of insulin. The latter is a phenomenon also 
reported for D-glucose transport in perfused rat hearts where, as for 
skeletal muscle, A1AR activation was required [192,193]. Thus, it is 
suggested that adenosine will activate not only the transport of amino 
acids, but also other crucial metabolic substrates by mechanisms that 
could involve differential ARs activation. In addition, different tissues will 
require different ARs subtype activation to modulate plasma membrane 
transport of these nutrients. Since ARs expression is differential in the 
body  [20,21,194],  a preferential  requirement  for  a certain  ARs subtype 
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could results from preferential expression of these receptors. 
Interestingly, in HUVECs from GDM pregnancies insulin restores the 
hCAT-1–mediated increase of L-arginine transport to values in cells from 
normal pregnancies requiring activation of A1AR instead of A2AAR [28]. 
Thus, insulin biological actions are also selective for the ARs subtype 
depending on a physiological or pathophysiological state (see reviews 
[12,91]). 

An early finding in rat adipocytes showed that adenosine could 
also be acting as a modulator of the kinetics of insulin actions [36]. The 
insulin-increased uptake of 2-deoxyglucose was shown to be less effective 
following the removal of adenosine by ADA, an effect reflected in a higher 
EC50 value (5 fold at 37ºC). These results agree with those for 3-O- 
methyl-D-glucose uptake in this cell type [38,40] and in rat cardiac 
myocytes [195]. It is likely that following treatment of cells with ADA, a 
potential residual low concentration of adenosine could still be found and 
may be enough to stimulate A1AR or A2AAR since the Kd for adenosine 
varies between 1-30 nmol/L for these ARs subtypes. Since addition of 
dibutyryl cAMP (dbcAMP), but not ADA, reduced basal 2-deoxyglucose 
uptake [36], and because A2AAR activation increases adenylyl cyclase 
activity, it is feasible that exposure of rat adipocytes to ADA results in 
reduced adenosine concentration to values <1 nmol/L (a possibility not 
addressed in these studies). 

Adenosine also support an early signaling step of insulin action 
following insulin binding, likely the insulin receptor tyrosine kinase 
activity [36]. Thus, adenosine would not interfere with insulin binding to 
IRs, but will modulate its activity. Moreover, lack of action of adenosine 
on the insulin binding to its receptors is likely not to differentiate between 
the higher affinity contact site 1 and the lower affinity contact site 2 of the 
IRs [196]. Thus, adenosine will facilitate insulin-increased 2-deoxyglucose 
uptake via a mechanism other than altering the dynamics between the 
exposure of insulin surfaces and their binding kinetics to IRs in rat 
adipocytes. A similar conclusion is feasible for the results showing that 
A1AR activation is required to assure a normal sensitivity to insulin to 
increase 2-deoxyglucose uptake in rat adipocytes [37]. This phenomenon 
was not due to changes in the binding kinetics of insulin to its receptors, 
but Gi protein activation likely associated with A1AR activation are 
necessary in this phenomenon. Changes in the kinetics of insulin binding 
have not yet been described in humans, thus, we cannot ruled out this 
possibility as an explanation for insulin resistance or lower 
responsiveness in diseases such as T1DM, T2DM [12], GDM 
[11,12,14,17,28,41,91], obesity [197], or preeclampsia [24,181]. 

It is extensively reported that adenosine already in concentrations 
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below 10 µmol/L can depress insulin release induced by high intracellular 
D-glucose concentration in rat pancreatic ß-cells (for examples see 
[198,199]). This phenomenon was shown to be  due to  adenosine 
activation of A1AR in this cell type since reduction in insulin release was 
blocked by the antagonist 8-cyclopentyl-1,3-dypropylxanthine (DPCPX) 
[200]. A1AR mediated adenosine modulation of insulin release in 
response to D-glucose is well established in the literature for mouse and 
rat islets, but nothing is reported for human pancreatic islets. The 
involvement of adenosine and ARs on the release of insulin is also 
determinant in diabetes mellitus [12,201]. Thus,  further research 
clarifying the mechanisms behind adenosine effects is required. 

Alternatively, one of the potential mechanisms that could account 
for a modulation of insulin biological effects by activation of ARs is a co- 
localization of these receptors and IRs [17]. Unfortunately, there are not 
clear findings in the literature addressing this possibility. However, a 
dependency of ARs activation-associated signaling has been proposed for 
ENTs proteins modulating extracellular concentration of adenosine. To 
date, regional expression of A1AR and A2AAR was demonstrated in the 
human brain, with overexpression of these ARs (A1AR > A2AAR) in 
association with preferential expression of hENT1 (cortex and 
hippocampus) and hENT2 (thalamus), respectively (i.e., hENT1 > 
hENT2) [202–204]. The latter could result in a fine regulation of ARs 
activation due to ENTs activity. Similar interaction could account for ARs 
and IRs [11,205]. 

 
Concluding remarks 

Vascular tone is under modulation by factors synthesized and 
released locally, including NO and adenosine. However, vascular tone also 
responds to modulation by circulating factors such as the hormone 
insulin. Plasma adenosine concentration is shown to be elevated in 
pathologies associated with abnormal catabolism of D-glucose that result 
in hyperglycemia and subsequent hyperinsulinemia. Both hyperglycemia 
and hyperinsulinemia lead to lower uptake of adenosine and extracellular 
accumulation of this vasoactive nucleoside. Adenosine causes vasodilation 
by increasing the synthesis and release of NO and by KATP activation- 
dependent membrane  hyperpolarization  following  A2AAR/A2BAR- 
increased cAMP level (Fig. 6). However, adenosine also increases the 
release of thromboxane and prostaglandins following activation of A1AR, 
or alternatively, we proposed that this nucleoside may reduce cAMP 
following activation of A3AR to cause vasoconstriction. On the other 
hand, insulin is a well-described vasodilator whose effect is mediated by 
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endothelium-derived NO. This hormone also causes a dual effect in the 
vasculature and leads to vasoconstriction by releasing ET-1 from the 
endothelium. A role for IR-A and IR-B for insulin action activating 
MAPKs and PI3K/Akt is proposed for vasoconstriction starting with 
sympathetic activation at the central nervous system. 

A potential link between insulin and adenosine vascular effects is 
not fully addressed, but several lines of evidence show that insulin 
biological effects are increased or reduced following activation of ARs. 
Several mechanisms include A1AR activation leading to an increase in 
insulin-stimulated 3-O-methyl-D-glucose or 2-deoxyglucose uptake. On 
the other hand, A2AAR activation seems involved in the increase of NO 
synthesis and L-arginine transport in human endothelium. A2AAR 
activation is also required for IRs sensitivity to insulin in adipocytes, 
something that is unknown in human vascular tissues in health or 
disease. 

Interestingly, few reports could also be read as a potential influence 
of insulin signaling pathway modulating adenosine biological effects. To 
date, in streptozotocin-induced diabetic rats the sensitivity of 
hippocampal slices to adenosine is reduced [206]. This reduced sensitivity 
to adenosine is also reported in human platelets from patients with 
T1DM, where the cAMP level in response to the adenosine general 
analogue NECA is reduced, but not in response to other molecules that 
increase cAMP formation [207]. Thus, not only a modulation of insulin 
biological effects by adenosine and ARs is  evident, but adenosine 
biological effects could also be under modulation of insulin in mammalian 
cells. 

Insulin biological effects  modulated  by activation ARs (and 
potentially insulin modulating adenosine effects) is a phenomenon of 
importance for a better understanding of the etiology of  diseases 
associated with insulin resistance or reduced responsiveness to insulin 
including diabetes mellitus, GDM, or obesity. Additionally, a potential 
linked signaling between insulin and adenosine biological effects could be 
determinant for the proposal of therapeutic protocols for patients affected 
by these abnormal physiological conditions [11,12,205]. 
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Figure 6. Insulin and adenosine linked signaling in the regulation of 
vascular tone. Insulin causes activation of insulin receptors A (IR-A) or B (IR- 
B) increasing the cell signaling mediated by p44/42 mitogen-activated protein 
kinases (p44/42mapk) in a preferential manner compared with protein kinase B 
(Akt) activation (p44/42mapk/Akt >1) to cause vasodilation (Vasodilation). 
However, a ratio p44/42mapk/Akt <1 leads to vasoconstriction 
(Vasoconstriction). Activation of IR-A and IR-B increases the nitric oxide (NO) 
synthesis, which is known to reduce the expression of human equilibrative 
nucleoside transporters 1 and 2 (hENT1/2) activity in the vascular endothelium. 
This   phenomenon   leads   to   extracellular   accumulation   of   adenosine (High 
extracellular adenosine) and activation of adenosine receptors subtypes A2A 
(A2AAR) or A2B (A2BAR). It is proposed that activation of these adenosine 
receptors increase the response of vascular cells to insulin causing either 
vasodilation  or  vasoconstriction.  Insulin  vasodilation  requires  increased cyclic 
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vasodilation or vasoconstriction. Insulin vasodilation requires increased cyclic 
AMP (cAMP) level, activation of p44/42mapk, and increased synthesis and 
release of vasodilator prostaglandins. Equally, activation of A2AAR and A2BAR 
could result in insulin-induced vasoconstriction involving activation of 
p44/42mapk and increased synthesis and  release of vasoconstrictor 
prostaglandins. Accumulation of extracellular adenosine caused by insulin- 
increased NO bioavailability also results in activation of adenosine receptors 
subtypes A1 (A1AR) or A3 (A3AR). This phenomenon leads to lower cAMP level, 
but increased thromboxanes and vasodilator prostaglandins synthesis and 
release causing vasoconstriction. The role of adenosine receptors in the response 
of the central nervous system (CNS), particularly at the hypothalamus, is not 
addressed. However, since the cell signaling molecules include PI3K, 
p44/42mapk, and prostaglandins, a role for adenosine receptors in the response 
to insulin by the SNC is expected. Composed from references addressed in the 
text and Tables 1 and 2. 
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Abstract 
Gestational diabetes mellitus (GDM) is characterized by maternal glucose 

intolerance and hyperglycemia. The main goal of GDM treatment is to reduce the 
maternal hyperglycemia. For this, the first line of treatment is caloric and 
carbohydrates-restricted diet (GDMd). However, in cases in which mothers remain 
unresponsive to diet, insulin therapy (GDMi) is recommended. In the fetoplacental 
vasculature, GDM is associated with endothelial dysfunction. One of the main 
characteristics of this phenomenon is an increased extracellular adenosine level  
due to a reduced adenosine transport mediated by the equilibrative nucleoside 
transporter 1 (hENT1). It is reported that hENT1 is reduced by transcriptional 
repression mediated by an increased nitric oxide (NO)-dependent activation of the 
human C/EBP homologous protein 10 (hCHOP). Moreover, in vitro studies have 
reported a beneficial role of insulin in the normalization of the GDM-induced 
hENT1 alterations. This phenomenon has been described in GDMd, but whether 
this hENT1 dysregulation takes place in GDMi remains to be studied. In this 
chapter, we have used human umbilical vein endothelial cells (HUVECs), as a 
representative of the fetoplacental endothelium, from normal (n=5), GDMd (n=6) 
and GDMi (n=6). HUVECs from the three groups were isolated by collagenase 
digestion and cultured with primary culture medium. Cells were incubated in the 
presence or absence of insulin (1 nmol/L, 8 hours). In these cells, we evaluated 
mRNA and protein levels of hENT1, with RT-qPCR and Western blot, respectively. 
In addition, protein levels of hCHOP were evaluated with Western blot. Like 
previous studies, we found a decreased hENT1 mRNA in HUVECs from GDMd 
compared to HUVECs from normal pregnancies. Similarly to GDMd, GDMi 
reduced hENT1 mRNA. Moreover, GDMd reduced the hENT1 protein abundance, a 
phenomenon abolished by insulin therapy. Furthermore, we found that in vitro 
insulin did not change the protein level of hENT1. Regarding hCHOP protein 
abundance, we did not find differences between the three groups. It is suggested 
that insulin therapy normalizes the GDM-associated hENT1 reduction, likely 
mediated by posttranslational mechanisms. 
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Introduction 
Gestational diabetes mellitus (GDM) is a pregnancy disease 

characterized by D-glucose intolerance [1]. Women with GDM show 
hyperglycemia, a condition that is transferred to the fetal circulation 
[2]. The main goal of the treatment for women that develop GDM is 
the reduction of the glycemia to avoid the complications for the 
mother and the fetus [3–5]. For this, the first line of treatment is diet 
control (GDMd). However, the normalization of the glycemia to the 
recommended goals is not always achieved [4,6,7]. When this occurs, 
the pregnant women are subjected to insulin therapy (GDMi) [4– 
6,8]. Under both treatments, the GDM fetuses show a glycemia 
comparable to the maternal glycemia as in normal pregnancies [9]; 
however, the fetoplacental vascular alterations seen in the 
fetoplacental vasculature at birth to GDM  pregnancies are  
maintained [9]. 

Fetoplacental vasculature from GDM pregnancies show 
alterations in the adenosine/L-arginine/nitric oxide (ALANO) 
pathway [10]. HUVECs from GDMd exhibit increased expression and 
activity of the endothelial nitric oxide synthase (eNOS) and human 
cationic amino acid transporter 1 (hCAT-1) with the subsequent 
increased nitric oxide (NO) synthesis [11–13]. Moreover, a decreased 
expression and activity of the human equilibrative nucleoside 
transporter 1 (hENT1) is seen in these cells [14,15], leading to an 
extracellular accumulation of adenosine [14,16]. Adenosine is an 
endogenous vasoactive nucleoside and in GDM HUVECs activates 
A2A adenosine receptors increasing the hCAT-1–mediated L-arginine 
transport and NO synthesis [17]. Interestingly, in GDMd activity of 
the human C/EBP homologous protein 10 (hCHOP) leads to the 
transcriptional repression of hENT1 in response to an increased NO 
level. Additionally, in vitro insulin normalizes the expression of 
hENT1 in HUVECs from GDMd pregnancies [14,18]. 

Alterations in the endothelial NO synthase (eNOS)  and hCAT-
1 expression and activity seen in GDMd are maintained HUVECs from 
GDMi [9]. However, the effect of insulin therapy on hENT1 
expression is still unknown. In this study we evaluated the effect of 
insulin therapy in the expression of hENT1 and the potential 
involvement of hCHOP in this phenomenon in HUVECs from GDM 
pregnancies. 

 
Materials and methods 
Study groups 

Samples were collected from full-term normal, GDMd and 
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GDMi pregnancies from the Hospital Clínico UC-CHRISTUS and 
Hospital San Juan de Dios in Santiago de Chile. Pregnant women did 
not smoke or consume drugs or alcohol and had no intrauterine 
infection or other medical or obstetrical complications. The 
investigation conforms to the principles outlined in the Declaration of 
Helsinki. Ethics Committee approvals from the Faculty of Medicine  
of the Pontificia Universidad Católica de Chile and HSJD, and 
informed written consent of patients were obtained. All the pregnant 
women were normoglycemic in the first trimester of pregnancy. 
Patients with basal glycemia ≥5.56 (≥100 mg/dL, 8-9 h from the last 
feeding in at least two different days) and with ≥7.9 mmol/L (≥140 
mg/dL) at 2 h after glucose load at the second or third trimester of 
pregnancy were diagnosed with GDM (according to the Perinatal 
Guide 2015 report from the Health Ministry of Chile) [19]. Three 
groups of pregnant women were included, i.e. normal pregnancies, 
GDMd pregnancies, or GDMi pregnancies in which the mother was 
treated with insulin (i.e. on insulin therapy). Qualified personnel of 
the HCUC-C and HSJD selected the groups of pregnant women 
according to their clinical characteristics following established 
protocols. Women with normal pregnancies followed standard self- 
controlled diet and physical activity. Women with GDMd were 
subjected to dietary treatment with 1500 kcal/day and a maximum of 
200 g per day carbohydrates. Plasma glucose was weekly measured at 
fasting and post-breakfast, before and 1 h after the midday and 
evening meals. Women with GDMd that did not reach normal 
glycemia after two weeks of dietary intervention were passed into 
insulin therapy following protocols adopted at the Division of 
Obstetrics and Gynecology at the HCUC-C and HSJD as 
recommended in the Perinatal Guide 2015 Chile [19]. In brief, women 
with GDMd not responsive to diet were treated for 8–10 weeks until 
delivery with two injections (one before breakfast and one at 
bedtime) of neutral protamine Hagerdon human insulin (Humulin-N 
or Insuman-N, 0.5–0.65 units/kg of pre-pregnancy body weight). 
Additional three injections of regular (rapid-acting) insulin 
(Humulin-R or Insuman-R) depending on pre-prandial self- 
controlled capillary glycemia (0.1 to 6 units/kg per meal for 81–120 
to > 250 mg/dL glucose, respectively) were administered to women 
with GDMi as described for insulin therapy in pregnant women with 
pre-gestational diabetes mellitus type 1 or 2 [9,20–22] 

 
Human placenta and umbilical cords 

Placentas were collected at delivery on ice and transferred to the 
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laboratory until use 15–30 min later as described [9]. Middle sections 
of umbilical cords (100–120 mm length) were dissected into 200 mL 
phosphate-buffered saline (PBS) solution (mmol/L: 130 NaCl, 2.7 
KCl, 0.8 Na2HPO4, 1.4 KH2PO4, pH 7.4, 4 °C) until use 6–12 h later 
for isolation of endothelial cells. 

 
Cell culture and conditions 

HUVECs were isolated by collagenase digestion (0.25 mg/mL 
collagenase) from umbilical cords obtained at birth from normal, 
GDMd, or GDMi pregnancies and cultured (37°C, 5% CO2) in 1% 
gelatin-coated petri dishes (60 mm diameter) up to passage 3 in 
primary culture medium (PCM; M199 containing 5 mmol/L D- 
glucose, 10% newborn calf serum (NBCS), 10% fetal calf serum (FCS), 
3.2 mmol/L L-glutamine and 100 U/mL penicillin-  streptomycin) 
[9]. Twelve hours prior experiments the incubation medium was 
changed to M199 medium containing 2% FCS. For some experiments, 
HUVECs were incubated (8 h) in the presence and the absence of 
insulin 1 nmol/L insulin (Humulin R, recombinant insulin) in M199 
with 2% FCS. 

 
RNA isolation and reverse transcription 

HUVECs were washed (2 times) in cold (4ºC) sterile PBS and 
total RNA was isolated using a Qiagen RNAeasy Kit (Qiagen, Venlo, 
The Netherlands) as described by the  manufacturer. RNA 
concentration and purity were measured by spectrophotometric 
analysis (OD 260/280) and aliquots of 1 µg of total RNA were used 
for reverse transcriptase cDNA synthesis as described [9,23]. 

 
Quantitative RT-PCR (RT-qPCR) 

Experiments were performed in a StepOn Real-Time PCR 
System (Applied Biosystems, Foster City, CA, USA) in a reaction mix 
containing 0.2 µmol/L primers, 1 µL cDNA and 5 µL master mix (2 
times) provided by Fast SYBR Green Master Mix (Applied 
Biosystems, Life Technologies). Taq DNA polymerase was activated 
(20 s, 95°C), denaturated (3 s, 95°C), and annealed and extended (30 
s, 57 °C) for hENT1 mRNA and 28S rRNA (internal reference). At the 
end of the assay, a melting curve was performed. The primer 
efficiency was determined in a seriated dilution of PCR products 
specific for each gene obtained from agarose gel with Wizard® SV 
Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The 
ol igonucleot ide primers used were:  hENT1  sense, 5′- 
TCTCCAACTCTCAGCCCACCAA-3′ and hENT1 antisense, 5′- 
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CCTGCGATGCTGGACTTGACCT-3 ′ ; 2 8S sense, 5 ′ - 
TTGAAAATCCGGGGGAGAG-3′ and 28S antisense, 5′-ACATTGTT 
CCAACATGCCAG-3′ [24]. 

 
Western blotting 

Total protein was obtained from confluent cells rinsed (2 times) 
with ice-cold PBS and harvested in 100 µL of lysis buffer (63.7 mmol/ 
L Tris-HCl (pH 6.8), 10% glycerol, 2% sodium dodecylsulphate, 1 
mmol/L sodium orthovanadate, 50 mg/mL leupeptin, 5% β- 
mercaptoethanol) as described [9,24]. Cells were sonicated (6 cycles, 
5 s, 100 W, 4°C) and total protein was isolated by centrifugation 
(13500 g, 15 min, 4°C). Proteins (50 µg) were separated by 
polyacrylamide gel (10%) electrophoresis, transferred to Immobilon- 
P polyvinylidene difluoride membranes (Bio-Rad Laboratories, 
Hertfordshire, UK) and probed (2 h, 22°C) with primary monoclonal 
rabbit anti-hENT1 (1:500) (catalogue number: M4200; Spring 
Bioscience, Pleasanton, CA, USA), hCHOP (GADD 153; catalogue 
number sc-71136, Santa Cruz Biotechnology) or anti-β-actin (1:5000, 
internal reference) (catalogue number: sc-8432; Santa Cruz 
Biotechnology) antibodies. The membranes were rinsed in Tris- 
buffered saline-0.1% Tween-20 (TBS-T) and further incubated (1 h) 
in TBS-T/0.2% bovine serum albumin containing secondary 
horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse 
antibodies (Thermo Scientific, Rockford, IL, USA). Proteins were 
detected by enhanced chemiluminescence ChemiDocit 510 Imagen 
System (UVP LCC, Upland, CA, USA) and quantified by densitometry 
using ImageJ (NIH) [9,24]. 

 
Statistical analysis 

Data was analyzed with Graphpad prism 7a (San diego, CA, 
USA). Values for clinical parameters are expressed as mean ± S.D. 
Data for in vitro experiments are expressed as mean ± S.E.M. One- 
way or two-way analysis of variance (ANOVA) was used to compare 
three or more groups. In case of a significant one or two-way ANOVA, 
holm-sidak or sidak post hoc were respectively used. p <0.05 was 
considered as statistically significant. 

 
Results 
Study groups. 

Pregnant women showed, on average, similar age and height. 
They were normotensive and with normal fasting glycemia at term 
(Table 1). All the pregnancies included were singleton. The weight of 
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Women that had normal pregnancies (Normal), GDM subjected to controlled 
diet (GDMd) or GDMd subjected to insulin therapy (GDMi) were included in this 
study. Maternal clinical characteristics were evaluated for 1st (0-14 weeks of 
gestation (wg)), 2nd (14-28 wg) and 3rd (28-40 wg) trimester. The body mass 
index (BMI) was calculated by weight in kilograms divided by the square of the 
height in meters. The ponderal index was calculated by weight in grams divided 
by the cube of height in centimeters multiplied by 100; OGTT, oral glucose 
tolerance test evaluated at 2nd or 3rd trimester depending the moment that 
GDM was diagnosed. Values are mean ± S.D. ⁎ p-value < 0.05 vs. corresponding 
values in Normal. † p-value < 0.05 vs. corresponding values in GDMd. 
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women in the GDMi group was slightly higher at the third trimester, 
with the subsequent effect on the body mass index (BMI). However, 
no significant differences in these parameters were found. The  
clinical parameters of the newborns from the three study groups did 
not show differences (Table 1). 

 
Insulin therapy does not affect GDMd-induced hENT1 mRNA. 

HUVECs from GDMd or GDMi show reduced hENT1 mRNA 
expression compared with HUVECs from normal pregnancies (Fig. 
1). Moreover, no differences were found in the hENT1 mRNA relative 
expression in cells from women with GDM treated with diet or 
insulin. 

 
Insulin therapy restores hENT1 reduction in HUVECs from GDM. 

We then evaluated the hENT1 protein abundance in HUVECs 
from normal and GDM pregnancies. Despite the fact that insulin 
therapy did not prevent the effect of GDM on the hENT1 mRNA 
relative expression, insulin therapy partially normalized the hENT1 
protein abundance reduction observed in GDMd (Fig 2). Since  
insulin and NO are reported as a regulator of hENT1 expression, we 
also evaluated the effect of insulin in vitro. In HUVECs isolated from 
placentas obtained from normal, GDMd and GDMi, we did not find a 
significant effect of insulin (Fig 2). 

 
GDM does not alter hCHOP total protein abundance. 

Since hCHOP activity results in reduced expression of hENT1 
in HUVECs from GDM, we here evaluated the protein abundance of 
hCHOP in HUVECs from normal, GDMd and GDMi pregnancies. 
Western blot analysis of hCHOP protein abundance in GDMd and 
GDMi did not show differences compared with the protein 
abundance in HUVECs from normal pregnancies (Fig. 3). Moreover, 

 
 

Figure 1. GDM is associated with lower 
hENT1 mRNA relative expression in 
HUVECs. The expression of the mRNA of hENT1 
was determined in HUVECs from normal (Normal), 
GDMd and GDMi pregnancies. Groups were 
compared using one-way ANOVA and Holm-Sidak 
multiple comparison test. *p-value <0.05 vs. normal 
group. (n = 5 for normal, 6 for GDMd, and 6 for 
GDMi). 



Chapter 4 

69 

 

 

 
 
 

 
 
 

Figure 2. Insulin therapy partially restores the hENT1 protein 
abundance.  hENT1  protein  level  was  analyzed  by  Western  blot  (ß-actin   as 
reference) in HUVECs isolated from normal, GDMd and GDMi pregnancies in 
the absence (Control) or presence of insulin (1 nmol/L, 8 h). Representative 
Western blot and densitometry analysis is shown. Groups were analyzed using 
two-way ANOVA (Sidak post hoc). * p-value 0.05 vs. normal group. † p-value 
<0.05 vs. GDMd. (n = 4 for normal, 4 for GDMd, and 4 for GDMi). 

 
 

in vitro incubation with insulin (1 nmol/L) did not change the 
hCHOP protein abundance in the three groups. 

 
Discussion 

This study shows that insulin therapy has a potential effect on 
the prevention of the changes in one of the main regulators of 
adenosine metabolism, hENT1. Our results suggest that even though 
insulin therapy seems not to be enough to restore or prevent the 
effects of GDM regarding hENT1 mRNA in HUVECs, it prevents the 
reduction in the hENT1 protein abundance. In view of these results, it 
seems likely that a post-translational mechanism is triggered by 
insulin therapy in order to increase the protein level of hENT1. It is 
reported that the incubation of HUVECs from GDMd with insulin 
leads to a restored expression of hENT1 [14,18]. Therefore, in this 
study, we evaluated the effect of the incubation (i.e. in vitro) with 
insulin. However, the results did not show a significant effect of this 
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hormone in HUVECs, as has been described in other studies [14,18]. 
Moreover, we found that total protein abundance of hCHOP, a 
modulator of the transcriptional regulation of hENT1[15], is not 
altered in GDMd and GDMi. 

GDM is detrimental for the fetoplacental vasculature [25–27]. 
Several studies have reported the effects in the endothelium [13– 
16,28–30]. One of the main alterations of this vascular bed is a 
dysregulation in the ALANO pathway [10,13]. Adenosine is increased 
in the placental circulation in GDM [14,16], this phenomenon results 
in activation of adenosine receptors leading to increased transport of 
L-arginine and expression and activation of eNOS. Increased L- 
arginine transport and eNOS activity lead to increased nitric oxide 
synthesis. It was recently reported that insulin therapy does not 
restore the alterations in the fetoplacental vasculature from GDM 
pregnancies, and an increased activation of eNOS, L-arginine 
transport and altered vasodilation are maintained [9]. However, in 
the present study HUVECs from GDMi showed a normalization in the 
protein abundance of hENT1. Nevertheless, in our study, the GDMi 
group had, on average, higher (but yet not significant) weight 
compared with normal and GDMd. This could represent a 
confounding factor since some of the alterations in the ALANO 
pathway have also been reported in other pregnancy conditions 

 
Fi g u re 3 . To ta l 
hC HO P  p r o t  e in  
a b u n d a n c e i n 
HUVECs from GDM. 
hCHOP protein level 
w a s   an a l y z  ed  by   
Western blot (ß-actin as 
reference) in HUVECs 
isolated from normal, 
GDM  d a n d G D M i 
pregnancies in the 
absence or presence of 
insulin (1 nmol/L, 8 h). 
Representative Western 
blot and densitometry 
analysis  is shown. 
Groups were analyzed 
using two-way ANOVA. 
(n = 4 for normal, n = 4 
for GDMd, and n = 4 
for GDMi). 



Chapter 4 

71 

 

 

 

related to the maternal weight [23–25]. Therefore, our findings could 
show an effect of maternal weight and the GDM along with or instead 
of insulin therapy. More studies in a bigger group of GDMi stratified 
by weight should be performed in order to evaluate the independent 
effect of the GDM. However, the use of insulin therapy in GDM 
pregnancies is not uniform and different criteria are applied [5,6] 
making it difficult to obtain insulin-treated patients without other 
conditions. Additionally, maternal insulin does not cross the 
placenta, therefore the beneficial effect must be mediated by changes 
induced in molecules in the maternal circulation that can cross the 
placenta to induce an effect on the fetoplacental vasculature. In 
women with GDMi a reduction in triglycerides is reported [31]. This 
could be explained by an accumulation of lipids in the skeletal 
muscle, liver and other tissues induced by insulin therapy as reported 
in patients with type 2 diabetes mellitus [32,33]. Dyslipidemia in 
GDM has been proposed as a contributor for endothelial dysfunction 
in the fetoplacental vasculature [34], therefore a reduction in 
circulant lipids might imply lower lipid levels in the fetal circulation 
reducing the effects of GDM in this vascular bed. However, no 
information is available regarding lipid levels and changes in hENT1 
and further studies are required to evaluate whether our data is 
explained by the reduction of triglycerides in GDMi. 

The results show that the mRNA expression of hENT1 in 
HUVECs is similar in GDMd and GDMi. It is reported that NO is 
important in the regulation of the transcriptional activity of 
hENT1[12,15], leading to a transcriptional repression of SCL29A1 (for 
hENT1) mediated by hCHOP in HUVECs from GDMd pregnancies. 
We found no differences in the total abundance of hCHOP in 
HUVECs from both GDM groups compared to cells from normal 
pregnancies. However, in this study, we did not analyze whether 
GDMi affects the nuclear localization and the binding of hCHOP to 
SCL29A1 promoter. In HUVECs from GDMi the NO level, due to an 
increased activation of eNOS and hCAT-1 is similar to GDMd [9]; 
therefore, the mechanisms leading to a lower SCL29A1 
transcriptional activity are maintained in HUVECs from GDMi, likely 
explaining the lower mRNA expression of hENT1 observed in the 
endothelial cells from these pregnancies. 

The description  of post-translational mechanisms that 
regulate hENT1 protein stability is scarce. It is reported that PKC 
delta and epsilon can activate the hENT1-mediated transport, likely 
in a post-translational manner [35]. In HUVECs from GDMi 
pregnancies a higher expression of insulin receptor A is reported [9]. 
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This phenomenon might increase the effect of fetal insulin, leading to 
higher expression of PKC epsilon, as it reported in rat adipocytes 
[36]. Increased PKC epsilon activity may explain the increased 
protein abundance of hENT1 in HUVECs from GDMi. Moreover, 
activation of A1 adenosine receptors increases the hENT1 activity and 
trafficking in a PKC delta-dependent manner in PK15 cell line [37]. 
Interestingly, A1 adenosine receptors are required to facilitate the 
insulin effect in the reversion of GDM-increased L-arginine transport 
[17], suggesting that the activation of this subtype of adenosine 
receptors might trigger beneficial cellular effects improving insulin 
effect counteracting the effect of GDM in the fetoplacental 
vasculature. 

In summary, insulin therapy normalizes the protein expression 
of hENT1 in HUVECs from GDM pregnancies, likely in a post-
translational dependent manner. This suggests that this treatment 
might exert a partial beneficial effect avoiding some of the alterations 
described in GDM fetoplacental vasculature. Nevertheless, further 
characterization of the functional parameters of hENT1 and hCHOP, 
and the mechanisms behind the insulin therapy-associated 
normalization of hENT1 protein abundance normalization is 
required. It is worth considering that the protocols for insulin therapy 
are diverse and other conditions such as obesity or excessive 
gestational weight gain can be present in mothers that require 
alternatives to GDM diet intervention. Additionally, the studies 
including GDM groups treated with insulin therapy is scarce and the 
beneficial and/or detrimental effect of this treatment is contradictory 
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Abstract 
Gestational diabetes mellitus (GDM) is a detrimental condition for human 

pregnancy associated with endothelial dysfunction and endothelial inflammation in 
the fetoplacental vasculature and leads to increased cardio-metabolic risk in the 
offspring. In the fetoplacental vasculature, GDM is associated with altered 
adenosine metabolism. Adenosine is an important vasoactive molecule and is an 
intermediary and final product of transmethylation reactions in the cell. Adenosine 
kinase is the major regulator of adenosine levels. Disruption of this enzyme is 
associated with alterations in methylation-dependent gene expression regulation 
mechanisms, which are associated with the fetal programming phenomenon. Here 
we propose that cellular and molecular alterations associated with GDM can 
dysregulate adenosine kinase leading to fetal programming in the fetoplacental 
vasculature. This can contribute to the cardio-metabolic long-term consequences 
observed in offspring after exposure to GDM. 
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Introduction 
Gestational diabetes mellitus (GDM) is defined as altered D- 

glucose tolerance diagnosed in the second or third trimester of 
pregnancy [1,2]. The global prevalence of GDM is 5-20% depending 
on the diagnostic criteria used [3]. It is associated with several risk 
factors, such as maternal overweight or obesity, supraphysiological 
gestational weight gain, pre-gestational insulin resistance, and 
ethnicity [1,4–8]. Women with GDM have a higher risk of developing 
type 2 diabetes mellitus (T2DM) and metabolic syndrome [4,9]. Also, 
the children born from GDM show an increased risk to develop D- 
glucose intolerance, obesity, and cardiovascular diseases later in life 
[9,10]. Thus, GDM-associated metabolic alterations in the 
intrauterine life suggest fetal programming [6,11–13]. Epigenetic 
mechanisms, such as DNA methylation and histone modifications 
play a crucial role in this phenomenon [14–17]. However, the 
understanding of the pathophysiological mechanisms of how this 
phenomenon is triggered and established requires further studies 
[15]. 

One of the tissues where fetal programming may take place is 
the fetal endothelium. It has been shown that the fetoplacental 
vasculature from GDM pregnancies display endothelial dysfunction 
where altered adenosine metabolism plays a role [18–22]. Adenosine 
is a vasoactive and anti-inflammatory nucleoside whose biological 
effects are mediated by adenosine receptors. It is also an important 
intermediary molecule in transmethylation reaction and an 
imbalance of adenosine level may have consequences in methylation- 
dependent gene expression regulation [23–27]. The major regulator 
of the intracellular adenosine level under physiological conditions is 
adenosine kinase (AK) [28]. AK is an enzyme that produces AMP 
from adenosine and ATP. Its activity is regulated by various factors, 
including nitric oxide (NO), intracellular pH (pHi), D-glucose, and 
insulin. Also, AK activity is under modulation by inflammatory 
factors, such as tumour necrosis factor (TNF-⍺) [28–32]. 
Interestingly, the above-mentioned modulators of AK activity are 
dysregulated in the fetoplacental endothelium in GDM pregnancies 
[18,20,21,33–37]. Therefore, AK activity is likely dysregulated in the 
fetoplacental vasculature from GDM pregnancies. 

In this review, we summarized the current findings in the 
fetoplacental vasculature from GDM with regard to endothelial 
dysfunction, endothelial activation, consequences of GDM in 
offspring and AK-mediated cellular effects. We propose that GDM 
causes alterations in the AK activity, a phenomenon that could be a 
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mechanism of fetal programming in fetoplacental vasculature 
contributing to the cardiometabolic long-term consequences seen in 
fetuses exposed to an adverse intrauterine environment. 

 
Fetal and offspring from GDM pregnancies 

GDM is a risk factor for several conditions during pregnancy, 
both for the mother and the fetus. In the mother, GDM is associated 
with supraphysiological gestational weight gain, pre-eclampsia, 
increased numbers of caesarean sections, and progression towards 
T2DM after delivery [3,4,38–42]. There are several reports on the 
prevalence and risk of fetal complications in a GDM pregnancy [1,2]. 
In general, fetuses to GDM mothers show macrosomia (prevalence 
~7%, Odds ratio (OR) 2) [43–45], shoulder dystocia during vaginal 
birth (prevalence ~1%, OR 1.7) [46,47], congenital anomalies 
(prevalence ~1%, OR 1.4) [48–49], intrauterine death at term 
(prevalence ~5%, OR 2.9 for <90th weight percentile) [50], and 
stillbirth (prevalence varies from low, i.e. 2%, to higher values, i.e. 
20% or more, depending on the study, OR ~2-5) [45,51–53], and 
caesarean section (prevalence 9%, OR ~3) [45,54,55]. Also, the fetus 
from GDM pregnancies have higher risk of complications at or 
shortly after delivery, such as respiratory distress syndrome 
(prevalence ~8%, OR 3.6) [56,57], neonatal hypoglycaemia first few 
hours after birth (prevalence ~25% mixing mild (≤47 mg glucose/dL) 
and severe (≤36 mg glucose/dL) hypoglycaemia; incidence ~34% for 
mild- and ~21% for severe hypoglycaemia; OR 2.5) [45,58,59], 
hyperbilirubinemia (prevalence ~10-60%, OR 1.8) [44,60], or 
hypocalcaemia (prevalence ~6%, OR 3) [45,61-64]. It is worth noting 
that reported GDM-associated fetal risks must be taken with caution 
since confounding or interrelated factors can change between studies. 
The lack of a unified diagnostic criteria for GDM, the gestational age 
in which GDM was diagnosed, therapeutic interventions, the 
influence of ethnic  and genetic background among certain 
populations, may change the frequencies of these associated risks. 
Placentas from GDM pregnancies also display altered histological 
features, such as villous immaturity and increased angiogenesis [6]. 
These alterations could lead to placental dysfunction, altered mother- 
to-fetus and fetus-to-mother nutrient transport, and changes in 
placental gene expression which could underlie the fetal 
complications seen in GDM. 

GDM  is  not  only  deleterious  in  the  antenatal  and perinatal 
periods but it is also involved in long-term negative fetal outcome. 
Fetuses   born   to   GDM   pregnancies   show   higher   prevalence   of 
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impaired D-glucose tolerance, high levels of insulin resistance 
markers, and decreased insulin secretion [65]. Additionally, GDM is 
associated with higher increase rates of BMI in children up to when 
they are 13 years old [66]. 

 
Fetoplacental endothelial dysfunction in GDM 

Since the human fetoplacental vasculature lacks innervation 
[18,67], the synthesis and bioavailability of endothelial-derived 
vasodilators and vasoconstrictors, such as NO, adenosine, and 
endothelin-1 are crucial to maintain a normal vascular tone in this 
vascular bed [8]. The synthesis of NO by the endothelial NO synthase 
(eNOS) requires the take up of l-arginine via the human cationic 
amino acid transporter 1 (hCAT-1) in human umbilical vein 
endothelial cells (HUVECs), a phenomenon that is maintained by 
activation of adenosine receptors by adenosine [22,24]. The latter 
phenomenon refers to the L-arginine/NO signalling (ALANO) 
pathway in cells from GDM pregnancies [24]. The fetoplacental 
vasculature from GDM pregnancies displays alterations in the 
ALANO pathway (20,24,68). Additionally, GDM and hyperglycaemia 
results in increased expression of the specific protein 1 (Sp1) and 
human DNA damage inducible transcript 3 transcription factors 
(DDIT3, also known as hCHOP) [21,69], increased extracellular 
concentration of adenosine and reduced expression and activity of  
the equilibrative nucleoside transporter 1 (hENT1) [20,21], and 
impaired endothelial insulin signalling and oxidative stress [20,21]. 
Interestingly, the relevance of these findings describing the ALANO 
pathway in GDM was highlighted as a potential vicious circle in 
which hyperglycaemia may play a crucial role in this disease- 
associated endothelial dysfunction [70]. Noteworthy, the alterations 
described can be found in the fetoplacental vasculature from GDM 
pregnancies even after achieving optimal glycaemia by following 
restricted diet or insulin treatment, i.e. insulin therapy [3,18,71]. 
Thus, cell programming possible triggered by the exposure to high D- 
glucose is likely [72,73]. 

The   increased   extracellular   concentration   of   adenosine 
resulting from lower hENT1 activity results in activation of the four- 
member family of adenosine receptors, i.e. A1 adenosine receptors 
(A1AR), A2AAR, A2BAR, and A3AR [20,74–76]. Activation of A2AAR 
leads to higher activity of the ALANO signalling pathway in HUVECs 
from GDM pregnancies [24,68]. Interestingly, the potential role of 
the major regulator of intracellular adenosine level, AK, is still 
unknown   in   GDM   pregnancies.   Indirect   evidence   supports  the 
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possibility of impaired activity of this enzyme in HUVECs from GDM 
[77]. Increased NO synthesis resulting from an  increased 
extracellular level of adenosine is seen in HUVECs from GDM 
[20,22]. However, reduced NO bioavailability is seen in GDM due to 
the increased generation of reactive oxygen-derived species (ROS), 
such as peroxynitrite, in this disease of pregnancy [78]. Dysregulation 
of the NO bioavailability and altered adenosine metabolism in the 
fetoplacental vasculature may induce impaired vasoreactivity and 
nutrient transport in GDM. 

 
Fetoplacental endothelial activation in GDM 

The fetoplacental vasculature from GDM shows an increased 
proinflammatory and procoagulant state, i.e. endothelial cell 
activation, with increased expression of adhesion molecules, such as 
intercellular adhesion molecule 1 (ICAM-1) and vascular cell 
adhesion molecule 1 (VCAM) [79,80]. The latter is triggered not only 
by reduced NO bioavailability with the subsequent loss of NO- 
dependent anti-inflammatory and anticoagulant effects [81] but also 
by increasing the level of circulating pro-inflammatory cytokines, 
such as TNF-⍺ or interleukin-6 (IL-6) [82]. Interestingly, antagonists 
of A1AR inhibit the generation of TNF-⍺ in cord blood monocytes 
involving adenosine as a pro-inflammatory factor [83]. However, 
adenosine also prevented the decrease in TNF-⍺-induced endothelial 
mitochondrial mass in human dermal microvascular endothelial cells 
[84]. On the other hand, TNF-⍺ reduced hENT1 expression in bone- 
marrow-derived macrophages from wild-type mice [85] and in 
human B-lymphocyte cell lines [86]. Also, TNF-⍺ increased AK 
expression leading to lower intracellular adenosine level affecting 
regulatory mechanisms that lead to methylation-dependent gene 
expression in animal models and HUVECs [87]. Therefore, the 
interactions between TNF-⍺ and adenosine may be altered since the 
imbalance in adenosine level and adenosine signalling in GDM. 
However, whether this phenomenon is present in the fetoplacental 
vasculature is yet to be unveiled. 

 
Programming and epigenetics in GDM 

Newborns from mothers with GDM have a higher risk to 
develop adulthood diseases compared with newborns from normal/ 
healthy pregnancies [10,88,89]. The latter suggests that fetal 
programming is also a consequence of GDM resulting in higher risk 
of developing T2DM and obesity in offspring to GDM [6,90–94]. 
Epigenetic modifications are likely to play a role in the events that 



Chapter 5 

81 

 

 

 

lead to the programming of diseases in fetuses from GDM 
pregnancies [14,16,17,95–99]. Epigenetics refers to different cellular 
mechanisms that control gene expression without modifying the DNA 
sequence. Regulation of gene expression by epigenetics includes 
mechanisms such as DNA and histone methylation, DNA and histone 
acetylation, other histone modifications, and non-coding RNAs 
[100,101]. DNA methylation is an important mechanism of regulation 
of gene expression (Fig. 1) [16,102]. DNA methylation is reported in 
GDM, mainly in the placenta and human umbilical vein endothelial 
cells (HUVECs) and is one of the mechanisms likely responsible for 
the transmission and programming of cell metabolic disturbances 
after the fetal exposure to GDM [16,17,92,93,99,103,104]. 

DNA methylation is regulated by DNA methyltransferases 
(DNMTs), which transfer a methyl group from S-adenosylmethionine 
(SAM) to cytosine resulting in 5-methylcytosine [26]. In mammals, 
DNA methylation usually takes place in gene promoter regions of the 
genome with an extension greater than 0.5 kb and rich in cytosine- 
guanine dinucleotide (CpG dinucleotide), the so-called CpG islands 
[105–108]. Literature regarding alterations in DNA methylation in 
the placenta of women with GDM is contradictory (Table 1). In a 
small cohort of 50 patients from New York (USA) (maternal age >15 
years) that included 26% Black, 62% Latin, 6% White, and 3% Asian 
ethnicity (adjusted for offspring sex, mother educational level, 
welfare status, marital status, and ethnicity) the placentas from GDM 
pregnancies showed lower global DNA methylation compared to 
placentas from healthy pregnancies [109]. This phenomenon was 
negatively associated to the body length and head circumference in 
newborns from women with GDM pregnancies. However, in the 
umbilical cord blood from the same GDM fetuses, there was no 
alteration in the global DNA methylation [109]. Thus, alterations in 
DNA methylation may be tissue and cell-specific. On the contrary, 
another study performed in 56 placentas from GDM (mean maternal 
age 31.9 years) and 974 from normal (mean maternal age 29.8 years) 
pregnancies from Caucasians women (92.7%) from Berlin (Germany) 
(adjusted for maternal age, body mass index at the beginning of 
pregnancy, miscarriages, ethnic background, and family history of 
T2DM) reported that GDM placentas show a significant increase in 
global DNA methylation [5]. Even when both of these studies 
adjusted the analysis of their data to possible confounder variables 
the apparent discrepancy in the reported results regarding global 
DNA methylation in GDM may be due to the different populations 
studied or the fact that women with GDM were not having this 
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Figure 1. Adenosine as intermediary metabolite of DNA methylation 
cycle. Intracellular balance of adenosine depends on the activity of nucleoside 
transporters (NTs) and the activity of cytoplasmic and nuclear adenosine kinase 
(c-AK, n-AK). Adenosine and methionine are crucial to obtaining S- 
adenosylmethionine (SAM). SAM is the main methyl donor and is used by 
methyltransferases (MTs) in process as DNA and histone methylation, which 
constitute a mechanism of gene expression regulation. Methylation reactions 
have as product S-adenosylhomocysteine (SAH), which is an endogenous 
inhibitor of MTs. SAH is converted into adenosine and homocysteine (Hcy) by S- 
adenosylhomocysteine hydrolase. As an increase adenosine level can reverse the 
reaction mediated by SAHH it is converted into AMP in a process mediated by n- 
ADK. Extracellularly, adenosine activates a four-members family of adenosine 
receptors which can (⬆) increase or (⬇) decrease the level of cAMP, which has 
been suggested to increase the activity of SAHH. However, SAHH cAMP- 
dependent activity regulation remains to be elucidated in humans. 

 
disease only but in coexistence with metabolic alterations such as 
pre-gestational maternal obesity (a metabolic disorder of pregnancy 
recently introduced as ‘gestational diabesity’) [8], pre-gestational 
maternal overweight, or showed supraphysiologycal gestational 
weight gain [110,111] or other obstetric complications. 

Some studies also focused on the methylation of specific genes 
in the placenta from GDM pregnancies. Interestingly, the expression 
of the transforming growth factor 2 (TGFB2) gene is increased in 
HUVECs from GDM compared with normal pregnancies [99]. The 
latter seems to result from hypomethylation (in the promoter CpG 
island 28545) and increased intermediate methylation of the TGFB2 
genomic DNA. Even when the number of women with GDM analysed 



83 

 

 

Chapter 5 



84 

Chapter 5 
 

 

 
 
 
 
 

 



Chapter 5 

85 

 

 

 
 
 
 
 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ABCA1 (for ATP binding cassette subfamily A member 1); ACYP2 (for acylphosphatase 2); ADIPOQ (for adiponectin, C1Q and collagen domain 
containing); AGTR2 (for angiotensin II receptor type 2); ALPK1 (for alpha kinase 1); ATP5A1 (for ATP synthase F1 subunit alpha); BTN1A1 (for 
butyrophilin subfamily 1 member A1); C14orf152 (also known as FAM181A, for family with sequence similarity 181 member A); C3orf31 (also 
known as TAM41 mitochondrial translocator assembly and maintenance homolog. Localization Chromosome 3, NC_000003.12); C6orf96 (also 
known as RMND1, for required for meiotic nuclear division 1 homolog); CP (for ceruloplasmin); CYB5R4 (for cytochrome b5 reductase 4); ENO2 
(for enolase 2); EPS8L1 (for EPS8 like 1); ESX1 (for ESX homeobox 1); FLJ32569 (also known as PM20D1, for peptidase M20 domain containing 
1); FLJ35773 (also known as MFSD6L, for major facilitator superfamily domain containing 6 like); FLJ45964 (for uncharacterized FLJ45964, 
hypothetical protein coding); GDM (gestational diabetes mellitus); GDMd (diet-treated GDM); GDMi (insulin-treated GDM); GPATCH2 (for G- 
patch domain containing 2); GPR42 (for G protein-coupled receptor 42); GSTM5 (for glutathione S-transferase mu 5); HDAC1 (for histone 
deacetylase 1); HIF3A (for hypoxia inducible factor 3 subunit alpha); IGT (impaired glucose tolerance); IL10 (for interleukin 10); INSL4 (for insulin 
like 4); LEP (for leptin); LINE1 (for long interspersed element-1); MEOX1 (for mesenchyme homeobox 1); MEST (for mesoderm specific 
transcript); MFAP4 (for microfibril associated protein 4); MGC3207 (also known as MRI 1, for methylthioribose-1-phosphate isomerase 1); 
MRPS33 (for mitochondrial ribosomal protein S33); NDUFA1 (for NADH:ubiquinone oxidoreductase subunit A1); NDUFB6 (for 
NADH:ubiquinone oxidoreductase subunit B6); NESPAS (also known as GNAS-AS1, for GNAS antisense RNA 1); NEU4 (for neuraminidase 4); 
NFE2 (for nuclear factor, erythroid 2); NHLH2 (for nescient helix-loop-helix 2); NR3C1 (for nuclear receptor subfamily 3 group C member 1); NYX 
(for nyctalopin); OR2L13 (for olfactory receptor family 2 subfamily L member 13); OR2L13 (for olfactory receptor family 2 subfamily L member 13); 
PBK (for PDZ binding kinase); PKHD1 (for fibrocystin/polyductin); PLAC8 (for placenta specific 8); PMP2 (for peripheral myelin protein 2); PON1 
(for paraoxonase 1); POU2F1 (for POU class 2 homeobox 1); PPARA (for peroxisome proliferator activated receptor alpha); PPARGC1A (for PPARG 
coactivator 1 alpha); PRKCH (for protein kinase C eta); PSMD5 (for proteasome 26S subunit, non-ATPase 5); RHD (for Rh blood group D antigen); 
RPL17 (for ribosomal protein L17); SLC17A4 (for solute carrier family 17 member 4); SUSD1 (for sushi domain containing 1); TAS2R49 (for taste 2 
receptor member 20); TDG (for thymine DNA glycosylase); TERF2IP (for TERF2 interacting protein); ZNF306 (for zinc finger with KRAB and 
SCAN domains 3). 
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in this study was low (3 GDM versus 3 normal pregnancies), it is 
interesting noting that a potential disbalance between the degree of 
hypermethylation and intermediate methylation (hypermethylation/ 
intermediate methylation >1) could determine differential expression 
of specific genes in HUVECs from GDM. Thus, a potential ‘glycemic 
memory’ based on a proper balance between these phenomena in 
HUVECs from GDM pregnancies is likely. 

In a cohort of 82 Chinese Han women with singleton 
pregnancies, it was shown that the methylation of the CpG islands of 
the peroxisome proliferator-activated receptor γ coactivator-1α (PGC-
1α) promoter (encoded by the PPARGC1A gene) in placental tissue 
associated with the maternal gestational D-glucose level [112]. Thus, 
placental DNA methylation may result from variations in the 
maternal glycaemia in pregnancy. In another study, 14 genes 
(paternally and maternally imprinted and non-imprinted genes) 
involved in metabolic programming were assayed for methylation in 
samples of umbilical cord blood and chorionic villous from 
pregnancies with GDM where the mother was treated with diet and 
insulin therapy (Table 1) [113]. In the umbilical cord blood obtained 
from the whole group of GDM pregnancies (i.e. diet and insulin- 
treated) 2 out of 14 genes (MEST (for mesoderm specific transcript) 
and NR3C1 (for nuclear receptor subfamily 3 group C member 1) 
showed decreased mean DNA methylation. Increased MEST 
expression, possibly caused by an impaired maternal imprinting, is 
associated with obesity and increased adipogenesis and adipocyte 
volume in humans [114]. Glucocorticoid receptor (encoded by the 
NR3C1 gene) is crucial in the regulation of hypothalamic/pituitary/ 
adrenal (HPA) axis and reduced methylation of this gene in 
leukocytes has been associated to depressive and anxiety disorders in 
healthy adults [115]. Moreover, umbilical cord blood from women 
with GDM treated with diet showed increased mean methylation of 
IL10 (for interleukin 10) and reduced mean methylation in NDUFB6 
(for NADH:ubiquinone oxidoreductase subunit B6) and OCT4 which 
is also referred as POU5F1 (for POU class 5 homeobox 1) compared 
with healthy and insulin-treated GDM pregnancies. These findings 
suggest a possible beneficial role of insulin therapy on restoring or 
avoiding GDM-associated methylation alterations. 

In  the  chorionic  villi,  four  out  of  11  genes  (MEST, PPARA, 
NR3C1, NESPAS) were hypomethylated in samples from GDM 
compared with normal pregnancies with no differences between 
GDM treatments [113]. Studies using microarrays to evaluate genes 
expression in umbilical cord blood and placentas from GDM showed 
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gene associations with specific diseases or conditions, altered DNA 
methylation of genes associated with metabolic conditions, including 
diabetes mellitus [96], and also genes associated with prevention of 
oxidative damage, markers of cardiovascular complications, 
adipocyte differentiation-related genes, the insulin signalling 
response, and modulation of endocrine function [97,116]. All together 
the above-described findings suggest that DNA methylation may be a 
plausible mechanism of fetal programming in GDM. However, 
further follow up and functional studies are required to establish 
whether the findings in the placenta are also seen in fetal tissues and 
maintained during childhood or adulthood having an adverse impact 
on the health in youth and adulthood [15,97]. 

 
Adenosine and Adenosine Kinase 
Adenosine and DNA methylation 

Adenosine is an endogenous purine ribonucleoside that acts as 
a regulator of a myriad of cellular processes [117,118]. Cellular effects 
of adenosine are due to the activation of four members of G-protein 
coupled adenosine receptors [74–76,117,118]. Adenosine receptors 
have different affinities for adenosine and their activation will depend 
on the local extracellular concentration of this nucleoside. The 
cellular level of adenosine is regulated by a dynamic between the 
kinetic parameters for the efflux and influx of adenosine, depending 
on the level of this nucleoside in the intracellular and extracellular 
space. In the cardiovascular system, the concentration of adenosine 
between these two compartments is balanced by the activity of 
sodium-independent equilibrative nucleoside transporters (ENTs) 
[23,74,118,119]. An increase in the extracellular concentration of 
adenosine may result from several conditions including 
hyperglycaemia, hypoxia, exercise, reduced ENTs expression, 
inhibition of ENTs-mediated uptake (favoured maximal transport 
capacity, Vmax/Km, for influx [120,121]), increased ENTs-mediated 
release (favoured Vmax/Km for efflux), overexpression or activation 
of ectonucleotidases (v.g. cluster of differentiation 39 (CD39) and 
CD73) [118], impaired activity or expression of adenosine kinase 
[28,87,118,122], among others (Fig. 2). These phenomena result in 
the activation of all adenosine receptor subtypes since the 
extracellular adenosine concentration could reach 1 mol/L in 
pathological conditions such as GDM or preeclampsia [33,123–125] 
well within or over the range of the reported dissociation constant 
parameter for adenosine activation of adenosine receptors (0.1-5 
mol/L) [18,24,118,126,127]. Thus, keeping a balance between the 
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Figure 2 Regulation of adenosine level. The regulation of adenosine level 
depends on the activity of different enzymes in and outside the cell. 
Intracellularly, adenosine can be converted into AMP and inosine my adenosine 
kinase (AK) and adenosine deaminase (ADA), respectively. On the other hand, 
inside the cell, adenosine can be obtained by the activity of cytoplasmic 5`- 
nucleotidase (C5’-NTase) which degrades AMP. Also, adenosine is a product of 
methylation cycle after the clearance of S-adenosyl homocysteine (SAH) by SAH 
hydrolase (SAHH). In the extracellular space, adenosine results from the 
coordinated activity of CD39 which uses ATP to produce AMP, which later is 
degraded to adenosine by CD73. Adenosine can be converted into inosine by 
extracellular ADA. The level of adenosine can be regulated extra and 
intracellularly by the activity of concentrative or equilibrative nucleoside 
transporters (NTs). 

extracellular and intracellular adenosine concentration and 
bioavailability is crucial to achieve adenosine receptors-mediated 
signalling under physiological conditions [23,74,117,128–131]. 

Adenosine is one of the final products of the methylation cycle 
[26,87]. DNA methyltransferases (DNMT) are a family of four 
members (DNMT1, DNMT3A, DNMT3B and DNMT3-like 
(DNMT3L)), in which DNMT1, DNMT3A and DNMT3B have  
catalytic activity in contrast to DNMT3L that is catalytically inactive 
[132]. DNMTs catalyse DNA methylation by transferring a methyl 
group from S-adenosylmethionine (SAM) to the methyl group 
acceptor 5-methylcytosine (5mC) [132–136] (Fig. 1). The product of 
this DNMT-mediated reaction is the S-adenosylhomocysteine (SAH) 
[137]. The affinity of DNMTs for SAH is higher than for SAM, making 
likely that accumulation of SAH resulted in inhibition of DNMT 
activity [26,138,139]. Therefore, SAH is metabolised by the S- 
adenosylhomocysteine hydrolase (SAHH) to adenosine and 
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homocysteine in order to avoid such inhibition of DNMTs [26]. 
However, the clearance of SAH by SAHH depends on an efficient 
removal of adenosine and homocysteine avoiding a potential 
reversed reaction increasing the formation of SAH from these two 
metabolites [118,119,140,141]. Potential accumulation of SAH may 
result in inhibition of DNMTs decreasing a global DNA methylation 
[26,118,140]. It is shown that cAMP increases the activity of SAHH 
in bovine kidney [142,143]. Since activation of the Gs protein- 
coupled A2AAR and A2BAR increased the cAMP generation in 
mammalian cells, a functional link between increased extracellular 
adenosine concentration, A2AAR and A2BAR activation, and 
activation of SAHH is likely. However, whether this mechanism 
occurs in human cells remains to be studied. 

 
Adenosine kinase 

Adenosine kinase is a phosphoribosyltransferase that 
catalyses the conversion of adenosine into AMP using ATP (or ADP, 
described in rat AK [144]) as phosphate donor [145]. It is one of the 
enzymes involved in keeping a constant intracellular concentration 
of adenosine. The intracellular adenosine level is  maintained  via 
the generation of adenosine due to the breakdown of more complex 
molecules (v.g. AMP, SAH, ATP), degradation of adenosine by 
adenosine deaminase (ADA), or incorporation of adenosine into 
macroergic molecules, such as AMP by AK [118,146] (Fig. 2). The 
affinity of AK for adenosine is higher (100 nmol) compared with 
ADA (20-100 mol/L) suggesting that AK would be  a  major 
regulator of intracellular adenosine level under physiological 
conditions [27,28,87]. Unfortunately, there are no studies 
addressing whether AK expression and function are altered in  
GDM. 

The AK gene (ADK) is localized on  chromosome 10q11-q24  
in humans [147]. The whole sequence of ADK is 546 kb, being one  
of the largest genes in the human genome. However, the coding 
sequence for AK is only 1.1 kb, therefore this gene contains the 
highest intron/exon ratio of the known genome [28,119,145]. ADK 
codes for at least two isoforms of AK, a short or cytoplasmic (c-AK) 
and a long or nuclear (n-AK) isoform [28,145,148,149]. The 
difference between both isoforms is 21 amino acids in the N- 
terminal [148,150]. It is suggested that n-AK is involved in the 
maintenance of methylation reaction in the nucleus (e.g. DNA 
methylation) and c-AK maintains the clearance of intracellular 
adenosine [149,150]. 
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In animal models, a switch between the expression of both  
AK isoforms has been described during development [149,150]. In 
mouse hippocampal neurons, a decrease in the expression of n-AK is 
seen from the 4th until the 14th day postpartum [150]. On the 
contrary, an increase in c-AK expression was seen in the same period 
of time in glial cells. Thus, it is likely that at certain stages of the 
development and in response to specific stimuli one AK isoform 
predominates in a cell-specific manner. Differential expression of c- 
AK and n-AK is also seen in other mice organs, such as the pancreas 
where -pancreatic cells and exocrine pancreas express c-AK, while 
preferential n-AK expression is seen in β-pancreatic cells. In other 
organs such as the adipose tissue, there is a mixed expression of c-AK 
and n-AK [151]. It is reported that this regulation can also take place 
in different phases of the cell cycle, depending on energetic/ 
purinergic signalling before replication and the establishing of DNA 
methylation after the DNA replication. Even though the regulation 
of the transcriptional activity of this enzyme and how the 
differential expression of both isoforms is established is  not  yet 
well described. However, the Sp1 transcription factor seems to  play 
a role in the differential expression of both AK isoforms causing a 
preferential increase of the expression of n-AK in rat hippocampal 
neurons [150]. In the latter study, two consecutive CpG islands at 
-755 bp from the transcriptional start site of the n-AK and one CpG 
island at -588 bp of the c-AK were identified. However, no 
methylation of these CpG islands was found in rat hippocampal 
neurons. Since the ADK is conserved in  mammals, it  is 
hypothesized that the expression of both isoforms could also be 
regulated by this mechanism in other cell types, including the 
endothelium from the human fetoplacental vasculature. 

 
Adenosine kinase-dependent regulation of methylation cycle 

The role of AK can be deduced from knock-out studies in 
vitro and in vivo. Knock-out mice for AK resulted in  higher levels  
of SAH and SAM in the  liver. This result suggests that disrupting  
AK resulted in impaired clearance of adenosine and produced 
alterations in the methylation cycle, leading to the accumulation of 
SAH and SAM [152]. In HUVECs and murine aortic  endothelial 
cells (MAECs), the knocking down of ADK leads to increased 
adenosine level and angiogenesis [87,152] and increased SAH and 
SAM levels [125]. The incubation of lysates from HUVECs with 
supraphysiological concentrations (10 µmol/L) of adenosine led to 
reduced DNMTs activity and the pharmacological inhibition of AK 
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by 5'-iodotubercidin (ITU, 10 µmol/L) also reduced the global DNA 
methylation and associated with hypomethylation of VEGFR2 [27]. 
In addition, disruption of AK, and a subsequent increase of adenosine 
intracellular level, increased the mRNA expression of other 
proangiogenic genes, such as GATA4 (for GATA binding protein 4), 
NOS3 (for endothelial nitric oxide synthase isoform), DDAH1 (for 
dimethylarginine dimethylaminohydrolase 1), RUNX1 (for runt 
related transcription factor 1), SEMA5A (for semaphorin 5A), and 
BRCA1 (for BRCA1, DNA repair associated) [27]. All these results 
suggest that reducing the activity and expression of AK altered the 
methylation cycle in endothelial cells leading to an imbalance 
between pro- and anti-angiogenesis, thus reprogramming the cells to 
promote angiogenesis. 

In HUVECs, an inflammatory condition induced by TNF-α 
increased the expression of AK with a subsequent reduction of the 
intracellular adenosine level [87]. The knocking down of AK in this 
cell type reduced the expression of E-selectin, ICAM-1, or VCAM-1 in 
response to TNF-α in an adenosine receptors-independent manner. 
TNF-α induced dimethylation and trimethylation of histone 3 at 
lysine 4 (H3K4m2 and H3K4m3, respectively) and increased the 
binding of H3K4m2-m3 to the gene promoters of SELE (for selectin 
E), ICAM1 (for intercellular adhesion molecule 1), or VCAM1 (for 
vascular cell adhesion molecule 1) resulting in higher expression of 
the corresponding proteins. Nevertheless, the effect of TNF-α on gene 
expression was reduced in cells knock-down for ADK leading to 
reduced levels of endothelial inflammation markers [87]. 

 
Adenosine kinase in diabetes mellitus 

Adenosine metabolism and signalling play a role in diabetes 
mellitus and different studies in various models have explored 
adenosine from a therapeutic and also from a pathophysiological 
perspective [23,117]. Adenosine regulates insulin secretion and β-cell 
survival [117,151,153] but also regulates D-glucose homeostasis and 
lipid metabolism in different tissues such as adipose tissue, liver, and 
skeletal muscle [117]. Moreover, adenosine receptor activation leads 
to improved insulin response in the cardiovascular system [117,118], 
including the fetoplacental vasculature [19], and seems beneficial in 
avoiding vascular complications associated with diabetes mellitus 
such as diabetic nephropathy, atherosclerosis and diabetic 
retinopathy [117]. The above-mentioned results suggest a strong 
physiological link between adenosine and insulin, a phenomenon 
recently referred to as the insulin/adenosine associated signalling 
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axis [18,118]. However, it is crucial to consider that the adenosine 
concentration must be tightly regulated since reaching abnormal 
concentrations of this nucleoside leads to differential activation of 
adenosine receptors with the subsequent loss of its beneficial actions 
[23,117,118]. This is of relevance in diabetes mellitus where not only 
the adenosine concentration is altered but also the expression profile 
of adenosine receptors [22,24,117,126]. Since AK is the major 
regulator of adenosine level it is likely that these enzymes participate 
in the pathological mechanisms in diabetes mellitus. 

In kidneys from streptozotocin-induced diabetic mice, AK 
inhibition with ABT-702 reduced the D-glucose concentration, 
albuminuria, glomerular injury markers expression, oxidative 
stress, and increased eNOS expression and inflammatory 
parameters [29]. Additionally, human glomerular cells exposed to 
high D-glucose concentrations showed reduced expression of 
occludin, an effect that was AK-activation dependent. Authors 
attributed these reno-protective findings to A2AAR-mediated 
decrease in inflammation and reduction of the oxidative stress 
[29,154]. Since new evidence on the role of the intracellular 
adenosine and AK in inflammatory processes is described  [73] 
other synergic or independent effects mediated by the 
accumulation of intracellular adenosine and modification in DNA 
and histone methylation cannot be discarded. In the pancreas from 
mouse and pig, inhibition of AK promotes β cell replication  
[151,155] and leads to D-glucose tolerance and improved D- glucose–
stimulated insulin secretion in a mouse model of high fat- induced 
diabetes mellitus [155]. In the kidney, liver and heart of 
streptozotocin-induced diabetic rats, a decrease of ~50% in the 
cytosolic activity and expression of AK is reported, suggesting that 
diabetes mellitus is a condition that regulates AK [30]. This was 
also seen in HUVECs from GDM pregnancies which showed lower 
phosphorylated adenine nucleotides compared with cells from 
normal pregnancies, thus suggesting that the phosphorylation of 
adenosine mediated by AK was reduced in this pathological 
condition [77]. However, whether this reduction in adenine 
nucleotides in GDM was due to lower enzyme activity or expression 
and how GDM could lead to these changes remains unclear. 

In   the   mouse   retina,   inhibition   AK   also   decreased  the 
inflammation in diabetic retinopathy, suggesting that inhibition of 
these enzymes results in a protective role mediated by the increase 
of adenosine signalling associated with A2AAR activation. Human 
diabetes displays altered immune cell function and adenosine is a 
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crucial regulator of immune cell function. Adenosine regulates T- 
lymphocyte activation, proliferation, cytokine production and 
lymphocyte-mediated cytolysis. Lymphocytes incubated with high 
D-glucose concentrations in the absence of insulin show reduced 
AK expression,  increased  release  of  adenosine  and   increased  
A 2AAR-dependent increased cAMP level. Surprisingly, 
suppression of AK  expression and the adenosine-induced 
proliferation of T lymphocytes was prevented by treatment with 
insulin [31], suggesting a functional link between insulin and the 
transcriptional regulation of ADK. The latter was also seen in 
streptozotocin-induced diabetic rats  after  insulin treatment 
where the diabetes-reduced AK activity was restored [32]. Insulin 
restored cellular alterations in the fetoplacental vasculature from 
GDM [20]; however, the role of AK in this phenomenon remains 
to be elucidated. Since adenosine is involved in methylation- 
dependent gene expression regulatory mechanisms it is not 
possible to discard the involvement of DNA methylation or 
histone methylation in the described effects of AK. 

 
Adenosine kinase and cardio-metabolic fetal programming in GDM 

GDM is associated with increased risk of fetal cardio- 
metabolic alterations [38]. Several studies in HUVECs and 
hPMECs exposed to high D-glucose or from  GDM  pregnancies 
show altered adenosine metabolism and adenosine receptor 
signalling [20,21,33,68,123,129,156,157]. Several  reports  also 
highlight the importance of AK and intracellular adenosine 
concentration in the methylation cycle. Disruption of AK and the 
subsequent dysregulation of intracellular adenosine level can 
epigenetically (mal)program the endothelium and other organs 
[27,87,152]. It is proposed that an orchestrated effect of factors 
associated with GDM, such as high D-glucose and inflammatory 
mediators could alter the activity of AK resulting in  dysregulation  
of methylation reactions. The above-mentioned alterations may 
contribute to the increased cardio-metabolic risk in fetuses, infants, 
and adults from GDM pregnancies (Fig. 3). Also, restoration of a 
normal AK function in fetal endothelium exposed to GDM or high D-
glucose could imply a new therapeutic target in order to reduce the 
cardiovascular consequences of GDM in adulthood. 

 
Concluding remarks 

The fetoplacental vasculature from GDM pregnancies shows 
endothelial dysfunction, endothelial activation, and shows several 
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functional alterations that may be AK-mediated with short and 
long-term consequences for the offspring. The nuclear and 
cytoplasmic AK isoforms catalyze the transfer of the gamma- 
phosphate from ATP to adenosine leading to the generation  of 
AMP. This phenomenon results in effective regulation of the 
intracellular and extracellular concentration of adenosine, 
positioning AK as the major regulator of the adenosine  level 
under physiological conditions, controlling the broad biological 
effects of this nucleoside. GDM is a disease  of pregnancy 
proposed to result in altered adenosine/L-arginine/nitric oxide 
(ALANO) signalling pathway with the involvement of A2AAR in 
the absence of insulin, or A1AR in response to insulin via 
activation of insulin receptor A isoform in the fetoplacental 
macrovascular endothelium. 

Altered ALANO via the activation of these adenosine 
receptor subtypes depends on the capacity of the endothelium to 
take up and metabolize adenosine thus reducing the extracellular 
concentration and limiting its broad biological effects. Epigenetic 
modifications altering the normal activity of transcription factors 
such as DDIT3 or Sp1 may result in abnormal ALANO signalling 
pathway in the placental vasculature. Therefore, a fine regulation 
of the adenosine concentration by AK in concert with the uptake 
of adenosine via hENTs in this type of endothelium is required. It 
is now clearer that DNA methylation may be a mechanism of fetal 
programming in diseases of pregnancy, including GDM. The 
intrauterine development is a stage where  therapeutic 
interventions and the intergenerational transmission of 
pathological conditions, such as obesity and T2DM, could be 
efficiently prevented. Thus, understanding the pathophysiological 
mechanisms associated to GDM, in which AK may play a role, 
could contribute to avoid or restore the GDM-associated 
increased cardiovascular risk observed in GDM offspring. 

Intracellular and extracellular adenosine regulation 
mediated by AK is important for the biological actions of this 
nucleoside regarding adenosine receptor’s signalling and 
methylation-dependent gene expression regulatory mechanisms. 
Thus, as summarised in Figure 3, it is likely that GDM-associated 
pathophysiology will result in altered AK activity contributing to 
the fetal programming in the fetoplacental vasculature. 
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Figure 3 Adenosine kinase in gestational diabetes as responsible of 
cardio-metabolic fetal programming. Gestational diabetes mellitus (GDM) 
is a condition in the mother that can alter placental function and also condition 
the fetal health. GDM can trigger diverse systemic and cellular responses, leading 
to an impaired intrauterine environment. All these alterations can dysregulate 
either the activity or expression of adenosine kinase (AK) resulting in altered 
adenosine regulation and methylation cycle, which is crucial to maintain a 
normal DNA and histone methylation. Imbalanced methylation cycle can result 
in impaired gene expression pattern and increased (⬆) cardio-metabolic risk in 
fetuses exposed to GDM to suffer cardiovascular conditions later in life. Nitric 
oxide (NO), Specific protein 1 (Sp1), human cationic amino acid transporter 1 
(hCAT-1), homocysteine (Hcy), human equilibrative nucleoside transporter 1 
(hENT1), (⬇) reduced. 
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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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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). 



Chapter 7 

138 

 

 

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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Abstract 
Gestational diabetes mellitus (GDM) is defined as diabetes diagnosed in  

the second or third trimester of pregnancy that was not clearly overt diabetes prior 
to gestation. GDM is associated with a proinflammatory intrauterine environment, 
characterized by increased circulant proinflammatory cytokine, such as tumor 
necrosis factor alpha (TNF-⍺) leading to endothelial inflammation. TNF-⍺ also 
seems to play a role in key regulators of the nitric oxide (NO) synthesis mediated by 
the endothelial NO synthase (eNOS). Adenosine is a nucleoside that is increased in 
the fetoplacental vasculature in GDM pregnancies. Adenosine can increase the 
synthesis of NO and can exert anti-inflammatory effects. Moreover, adenosine 
counteracts the effect of TNF-⍺ in different cell types. Nevertheless, the role of 
TNF-⍺ in the key adenosine regulators are not yet well established. In human 
umbilical vein endothelial cells (HUVECs) incubated in basal (5.5 mmol/L) and 
high D-glucose (25 mmol/L) conditions, we evaluated the effect of TNF-⍺ (2 ng/ 
mL), a proinflammatory stimulator, on mRNA expression of markers of endothelial 
inflammation (Interleukin 8 (IL-8), intercellular adhesion molecule 1 (ICAM-1) and 
E-selectin (E-Sel)) and two important regulators of the NO synthesis, eNOS and 
human cationic amino acid transporter 1 (hCAT-1). Additionally, we evaluated the 
effect of TNF-⍺ on the mRNA of adenosine kinase (AK) and human equilibrative 
nucleoside transporter 1 (hENT1). Furthermore, we evaluated the role of AK in the 
TNF-⍺ effect. For this, we use ABT-702, a non-purinergic AK inhibitor. HUVECs 
from uncomplicated pregnancies were provided by the Endothelial Cell Facility 
UMCG. HUVECs were maintained in basal D-glucose medium until passage 3. 
Then, the cells were incubated under basal or high D-glucose level in the presence 
or absence of TNF-⍺ and/or ABT-702 for 24 hours. Total RNA was then isolated, 
and mRNA levels of the above-mentioned targets were measured with RT-qPCR. As 
expected, TNF-⍺ increased the mRNA level of IL-8, ICAM-1 and E-Sel. This 
response to TNF-⍺ was independent of the D-glucose level. Moreover, we found 
that TNF-⍺ abolished the effect of high D-glucose on eNOS, decreasing the eNOS 
mRNA level in basal and high D-glucose. No significant effect of TNF-⍺ was found 
on the mRNA level of AK and hENT1. Inhibition of AK with ABT-702, reduced the 
effect of TNF-⍺ in the mRNA levels of ICAM-1 and E-Sel in HUVECs incubated 
under basal and high D-glucose conditions. ABT-702 reduced the IL-8 mRNA only 
in cells exposed to basal D-glucose. Nevertheless, the TNF-⍺ effect on eNOS was  
not reduced by the AK inhibitor. These results suggest that TNF-⍺ induces not only 
endothelial inflammation but also alters the NO synthesis in HUVECs. Moreover, 
the inhibition of AK seems to be beneficial in reducing the proinflammatory effects 
of TNF-⍺ even under high D-glucose conditions. 



Chapter 8 

147 

 

 

Introduction 
Gestational diabetes mellitus (GDM) is a type of diabetes that 

is diagnosed during pregnancy [1,2]. Its main feature is maternal 
hyperglycemia, which is transferred to the fetus, resulting in fetal 
hyperglycemia and hyperinsulinemia [1]. Patients with GDM are at 
increased risks of pregnancy complications, like preeclampsia or 
preterm birth [3,4]. They also have an increased risk for metabolic 
disease, type 2 diabetes and cardiovascular diseases in later life [5,6]. 
Moreover, not only the mothers but also the offspring has an 
increased cardio-metabolic risk in later life [7,8]. 

In the GDM offspring, the increased risk for metabolic 
diseases, type 2 diabetes and cardiovascular disease may be 
associated with fetoplacental endothelial dysfunction and activation 
during GDM [9–12]. This fetoplacental endothelial dysfunction from 
GDM pregnancies is mainly characterized by increased nitric oxide 
(NO) synthesis in response to adenosine, altered adenosine transport 
and signaling, and lower vascular reactivity [13–15]. On the opposite, 
endothelial activation is characterized by increased intercellular and 
vascular adhesion molecule-1 (ICAM-1 and VCAM-1, respectively), E- 
selectin and TNF-⍺ receptor [16–19]. Although high D-glucose is a 
well-known inducer of fetoplacental endothelial dysfunction and 
activation [20,21], the pro-inflammatory condition, observed in the 
fetus, may also be involved in the endothelial dysfunction and 
activation [18]. This hypothesis is tested in the present study. 

Adenosine leads to vasodilation via NO, activating the 
adenosine/L-arginine/nitric oxide pathway (ALANO) [22]. Moreover, 
adenosine and NO also have an anti-inflammatory role in the 
endothelium [23–25]. Adenosine kinase (AK) and the human 
equilibrative nucleoside transporter 1 (hENT1) are major regulators 
of adenosine levels. Both are upregulated by high D-glucose in  
human umbilical vein endothelial cells (HUVECs) (chapter 6). This 
suggests that adenosine levels are different under circumstances of 
high D-glucose compared with basal D-glucose, indicating that a 
proinflammatory condition may have different endothelial effects in 
high vs. basal D-glucose. 

In   this   study  we   evaluated   the   effect   of   TNF-⍺, a 
proinflammatory stimulator, on mRNA expression of markers of 
endothelial inflammation and dysfunction in basal and high D- 
glucose, as well as on mRNA expression of adenosine metabolism 
regulators, AK and hENT1 in human umbilical vein endothelial cells 
(HUVECs) as a representative of the fetoplacental vasculature. Since 
adenosine  is  an  anti-inflammatory  molecule,  we  hypothesize  that 
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increasing the adenosine levels by the inhibition of AK may inhibit 
the response to TNF-⍺ alpha in this cell model. 

 
Materials and methods 
Cell culture and conditions 

Human umbilical vein endothelial cells (HUVECs) from 
uncomplicated pregnancies were provided by the Endothelial Cell 
Facility of the University Medical Center Groningen (UMCG) 
(Groningen, Netherlands). HUVECs were isolated by collagenase 
digestion (0.25 mg/mL collagenase type II from Clostridium 
histolyticum, as previously described [14]. HUVECs were cultured in 
5.5 mmol/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% confluency were washed and exposed for 24 
hours (h) to basal (5.5 mmol/L) (BG) or high (25 mmol/L) (HG) D- 
glucose. Additionally, cells (BG and HG) were incubated with the 
inhibitor of AK, 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 and/or TNF-⍺ was used at 2 
ng/mL. DMSO with or without (vehicle) ABT-702 and/or TNF-⍺ was 
used at a concentration of 0.1%. 

 
RNA isolation 

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 65ºC 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 
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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 on a T100™ Thermal Cycler (Bio-Rad, 
California, USA) at 25ºC for 10 minutes, 42ºC for 50 minutes and 
70ºC for 15 minutes. The cDNA product (approximately 25 ng/µL) 
was stored at -20ºC until use. 

 
Quantitative PCR (qPCR) 

Total cDNA was diluted 20 times with RNAse-free water and 
then 5 µL were 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 total AK, total hENT1, eNOS, hCAT-1, interleukin 8 
(IL-8), intercellular adhesion molecule 1 (ICAM-1) and E-selectin (E- 
Sel) 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°C for denaturation, 30 seconds at 60°C 
for primer annealing and 30 seconds of extension at 72°Cincluding 
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) [26,27]. Changes in 
expression were analyzed using the following expression 2-(Ct gene 
of interest-Ct HKG). 

 
Statistical analysis 

For normality distribution, Kolmogorov-Smirnov test was 
used for untransformed and log transformed data. For comparison of 
more than two groups, two-way ANOVA test was used using 
untransformed and log-transformed data. For post hoc test, Sidak 
adjustment was used. Data were analyzed using GraphPad Prism 
software (version 7a, San Diego) [20]. Data is shown as mean ± 
S.E.M. A p-value < 0.05 was considered statistically significant and a 
p-value <0.1 was considered as a trend. 

 

Results 
Effect of TNF-⍺ in pro-inflammatory markers 

As expected, TNF-⍺ significantly increased ICAM-1 and IL-8 
mRNA in basal and high D-glucose incubated HUVECs (Fig. 1a, 1b). 
Moreover, it induced a significant increase in E-Sel mRNA expression 
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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); 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). 

only in basal D-glucose and showed an upward trend in high D- 
glucose (Fig. 1c). 

 
TNF-⍺ decreased eNOS expression but not hCAT-1 

Inflammation is associated with altered nitric oxide 
production. Therefore, we evaluated the effect of TNF-⍺ on the 
mRNA expression of eNOS and  hCAT-1. Two-way ANOVA 
demonstrated an effect of glucose and TNF-⍺ on the expression of 
eNOS (Fig. 2a). However, the expression of hCAT-1 was not 
significantly altered (Fig. 2b). Post hoc analysis showed a reduced 
eNOS mRNA expression induced by TNF-⍺ in basal and high D- 
glucose (Fig. 2a). Regarding the expression of hCAT-1, the post hoc 
analysis did not show a significant effect of TNF-⍺ neither in basal 
nor high D-glucose (Fig. 2b). 

 
TNF-⍺ does  not alter the  mRNA  expression of adenosine 
regulators 

Our previous results (chapter 7) suggested a link between the 
inhibition of AK and the expression of TNFR1 and levels of TNF-⍺. 
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Figure 1. Effect of AK inhibition in TNF⍺ 
induced changes in pro-inflammatory 
markers. mRNA expression of a) intercellular 
adhesion molecule-1 (ICAM-1), b) interleukin 8 (IL-
8), c) and E-selectin (E-Sel) in HUVECs incubated 
with basal and high D-glucose (BG and HG 
respectively) in the presence or absence of TNF- 
⍺ (2 ng/mL). Two-way ANOVA (and Sidak post hoc) 

was performed. * p-value <0.05 vs. BG vehicle. † p- 
value <0.05 vs. HG vehicle. Values are mean S.E.M. 
(n= 7). 

Therefore, we here evaluated whether the incubation with TNF-⍺ 
induces changes in mRNA expression of the adenosine regulators, 
AK and hENT1, in HUVECs incubated with basal and high D- 
glucose. Two-way ANOVA showed a trend only in the effect of 
glucose on the expression of AK (Fig. 3a). Post hoc analysis showed  
a significant difference in high D-glucose in the presence and the 
absence of TNF-⍺ in comparison with basal D-glucose control. 
Regarding the mRNA expression of hENT1 (Fig. 3b), Two-way 
ANOVA demonstrated a significant effect of glucose and a trend in 
the effect of TNF-⍺. Post hoc analysis showed that TNF-⍺ increased 
the mRNA of hENT1. Likewise,TNF-⍺ high D-glucose increased the 
level of hENT1 mRNA. However, the effect of TNF-⍺ observed in 
basal D-glucose was not observed in high D-glucose, since TNF-⍺ 
did not show differences with the high D-glucose control (Fig. 3b). 

 
Effect of AK inhibition in TNF-⍺ induced changes in pro- 
inflammatory markers 

The inhibition of AK partially prevented  the  increased 
mRNA expression of ICAM-1 and E-Sel mediated by TNF-⍺ in basal 
and high D-glucose (Fig 5a, 5c). Moreover, the effect of TNF-⍺ on  
the mRNA of IL-8 was prevented by the inhibition of AK only in 
basal D-glucose (Fig. 5b). However, for all the markers, the effect of 
the inhibition of AK was not enough to prevent completely  the 
effect of TNF-⍺. 
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Figure 2. Effect of TNF-⍺ decreased eNOS expression but not hCAT-1. 
mRNA expression of a) endothelial nitric oxide synthase (eNOS) and b) human 
cationic amino acid transporter 1 (hCAT-1) in HUVECs incubated with basal and 
high D-glucose (BG and HG respectively) in the presence or absence of TNF-⍺ (2 
ng/mL). Two-way ANOVA (and Sidak post hoc) was performed. * p-value <0.05 
vs. BG vehicle. † p-value <0.05 vs. HG vehicle. Values are mean S.E.M. (n= 7). 

 
 
Effect of AK inhibition in TNF-⍺ induced changes in eNOS and hCAT-1 

We found that inhibition of AK prevents the HG-induced 
changes in TNFR1 (TNF-⍺ receptor 1, chapter 7). Since TNF-⍺ had an 
effect on eNOS mRNA, we evaluated the role of AK in the changes 
induced by TNF-⍺ in eNOS expression. We found that the inhibition 
of AK did not altered the response to TNF-⍺ with regard to the mRNA 
expression of eNOS and hCAT-1 (Fig. 3a, 3b, respectively). 

 
Discussion 

The fetoplacental vasculature in GDM is exposed to both 
hyperglycemia and proinflammatory conditions [18,28,29]. This 
results in endothelial dysfunction and activation [16–19]. Various 
studies have shown that hyperglycemia can be responsible for many 
of the changes induced in the fetoplacental endothelium in GDM 
[20,21,30–33] (Chapter 6, Chapter 7). In the present chapter, we 
show that the proinflammatory condition (here represented by 
incubation with TNF-⍺,  one of the major  proinflammatory 
regulators) may also be involved in this fetoplacental endothelial 
dysfunction and activation. We showed that TNF-⍺ increased the 
expression of proinflammatory markers, such as ICAM-1, IL-8 and E- 
Sel in HUVECs. However, no differences between basal and high D- 
glucose in the TNF-⍺-induced changes were found. TNF-⍺ decreased 
eNOS mRNA and did not affect hCAT-1, AK and hENT1, irrespective 
of the glucose concentration. The effect of TNF-⍺ on the expression of 
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the adhesion molecules ICAM-1 and E-Sel was decreased by 
inhibition of AK in both high and basal D-glucose, while the effects of 
TNF-⍺ on IL-8 expression was only inhibited by AK inhibition in low 
glucose. Inhibition of AK did not affect the TNF-⍺ downregulation of 
eNOS. Our data suggest that next to hyperglycemia, also 
proinflammatory factors may be important inducing the endothelial 
dysfunction of activation in fetoplacental vasculature in GDM. 
Moreover, we showed that adenosine may play a role in modulating 
the effect of TNF-⍺. 

In this study, we showed that TNF-⍺ is a potent activator of 
HUVECs, as shown by increased expression of ICAM-1, E-Sel and IL-
8 after TNF-⍺ stimulation. These data are in line with previous 
studies also showing an increased TNF-⍺-induced mRNA expression 
of these proinflammatory markers [34,35]. However, in view of the 
effects of high D-glucose on the TNF-⍺ receptor 1 (chapter 7), which 
was increased under high D-glucose, we expected the response to 
TNF-⍺ to be increased in HUVECs incubated with high D-glucose. 
This was, however, not the case. We also described the effect of TNF- 
⍺ on the genes encoding for key proteins responsible for nitric oxide 
synthesis, eNOS and hCAT-1 [22]. We and others have previously 
shown that high D-glucose can increase the mRNA expression of 
these genes. Here we have shown that TNF-⍺ reduces the expression 
of eNOS, likely altering nitric oxide synthesis [36–39]. The effect of 
TNF-⍺ was not different in basal or glucose conditions. Moreover, it 
seems likely that the TNF-⍺ and high D-glucose effect on eNOS do 
not share a common pathwTNF-⍺ay since no interaction or synergic 
effect between TNF-⍺ and high D-glucose was found. 

 

Figure 3. TNF-⍺ does not alter the mRNA expression of adenosine 
regulators. mRNA expression of a) total AK and b) total hENT1 in HUVECs 
incubated with basal and high D-glucose (BG and HG respectively) in the 
presence or absence of TNF-⍺ 2 ng/mL. Two-way ANOVA (and Sidak post hoc) 
was performed. * p-value <0.05 vs. BG vehicle. τ p-value =0.057 vs. BG vehicle. 
Values are mean S.E.M. (n= 7). 
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The effect of TNF-⍺ on endothelial activation markers (ICAM-
1, E-Sel and IL-8) was moderately reduced by the inhibition of AK. 
Since inhibiting AK may increase adenosine levels [25,40], this 
suggests that increased levels of adenosine inhibit the effect of TNF- 
⍺. This is in line with the anti-inflammatory effects of adenosine 
previously reported [41–45]. The effect of AK inhibition on TNF-⍺ 
regulation of ICAM-1 and E-Sel was similar in basal and high D- 
glucose conditions. This may suggest that adenosine has similar anti- 
inflammatory effects in basal and high D-glucose. As indicated above, 
the role of the TNFR remains uncertain, not only in the effect of high 
D-glucose and TNF-⍺ on ICAM-1 and E-Sel, but also in the effect of 
inhibition of AK on ICAM-1 and E-Sel. The effect of the AK inhibitor 
on the upregulation of ICAM-1 and E-Sel following TNF-⍺ 
stimulation is similar in basal and high D-glucose conditions, while in 

Chapter 7 we showed that 
only under high D-glucose 
the TNFR was inhibited by 
the AK inhibitor. Future 
studies should show whether 
the changes in TNFR1 mRNA 
induced by ABT-702 are also 
reflected at protein level. 
Moreover, further  studies 
along the TNFR1 signaling 
pathway are required to 
define at which level of the 
s i g n a l i n g  the c ha n g es  
mediated   by   ABT-702   are 

Figure 4. Effect of AK inhibition in 
TNF-⍺ induced changes in pro- 
inflammatory markers. mRNA 
expression of a) ICAM-1, b) IL-8 and c) E- 
selectin (E-Sel) in HUVECs incubated with 
basal and high D-glucose (BG and HG 
respectively) in the presence or absence of 
TNF-⍺ (2 ng/mL). Basal or high D-glucose 
data was normalized to the TNF-⍺ effect 
percentage (TNF-⍺ =100%; stippled line). 
Two-way ANOVA (and Sidak post hoc). * 
p-value <0.05 vs. BG vehicle. † p-value 
<0.05 vs. HG vehicle. ‡ p-value <0.05 vs. 
TNF-⍺ in basal or high D-glucose Values 
are mean S.E.M. (n= 7). 
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Figure 5. Effect of AK inhibition in TNF-⍺ induced changes in eNOS 
and hCAT-1. mRNA expression of a) eNOS and b) hCAT-1 in HUVECs 
incubated with basal and high D-glucose (BG and HG respectively) in the 
presence or absence of TNF-⍺ 2 ng/mL. Basal or high D-glucose data was 
normalized to the TNF-⍺ effect percentage (TNF-⍺ =100%). Two-way ANOVA 
(and Sidak post hoc). Values are mean S.E.M. (n= 7). 

 

produced and whether the regulation of TNFR1 mRNA displays 
functional characteristics in the TNF-⍺ effect mediated by the AK 
inhibitor. 

The inhibition of AK prevented the TNF-⍺ effect on IL-8 
mRNA in basal D-glucose but not in high D-glucose. This difference 
might be explained by the effect of high D-glucose in post- 
transcriptional IL-8 regulation. In lung epithelial cell lines, IL-8 
mRNA stability is increased in an extracellular-signal kinase (ERK) 1 
and 2-dependent manner [46]. Furthermore, in HUVECs high D- 
glucose induce activation of this kinase [47]. This might explain the 
maintained higher expression of IL-8 in high D-glucose in 
comparison to basal D-glucose. 

Our findings regarding AK inhibition and downregulation of 
the proinflammatory effects of TNF-⍺ closely resembles a previous 
study [25], in which knockdown of  AK  reduced vascular 
inflammation induced by TNF-⍺. The authors attributed the 
consequences of the AK knockdown to increased intracellular 
adenosine concentrations. This resulted in a reduced histone 
methylation of histone H3 at lysine 4 (H3K4) and reduced 
transcriptional activity of pro-inflammatory genes, such as ICAM-1 
and VCAM1. A similar mechanism may play a role in our study. 
However, we cannot exclude the effect of adenosine receptors since 
AK inhibition also results in an increased extracellular adenosine 
concentration [40]. 

It has been previously shown that adenosine leads to an 
increased eNOS expression via adenosine receptors [45,48]. 
However, the adenosine accumulation, likely produced by ABT-702, 
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did not prevent the downregulation of eNOS by TNF-⍺, although a 
slight, non-significant upregulation was seen after the incubation  
with the AK inhibitor. Possibly, the increase in adenosine levels is not 
enough to prevent the downregulation of eNOS induced by TNF-⍺. It 
has been demonstrated that incubation of HUVECs with TNF-⍺, 
although in a much higher dose (i.e. 20 ng/mL) than in our study (i.e 
2 ng/mL), downregulates eNOS via a reduction in eNOS mRNA 
stability. This process is regulated via the binding of eukaryotic 
elongation factor 1A (eEF1A) to the 3’-UTR of eNOS mRNA [49]. 
Also, other mechanisms may play a role since another study [50] 
suggested that TNF-⍺ (10 ng/mL) induced the expression of miRNA 
155-5p, which regulates eNOS mRNA post-transcriptionally. 
Noteworthy, miRNA 155-5p is increased during GDM in the maternal 
circulation with male offspring [51]. However, whether it is also 
increased in the fetal circulation remains to be established. Similar to 
our previous suggestion regarding IL-8 mRNA, the lack of regulation 
of TNF-⍺ induced eNOS mRNA downregulation may be due to the 
fact that TNF-⍺ regulates eNOS mRNA at the post-transcriptional 
level. [13,19,52]. Moreover, it is important to mention that other 
mechanisms in eNOS regulation induced by TNF-⍺ or high D-glucose 
have been described (such as increased eNOS activation 
[13,38,39,52–54]) that were not considered in this study. 

In summary, this study showed that TNF-⍺ can regulate 
mRNA expression of genes encoding for proteins that are important 
for endothelial cell activation, adenosine transport and NO 
production. Additionally, we showed that the inhibition of adenosine 
kinase prevents partially the expression of pro-inflammatory markers 
in response to TNF-⍺ even in high D-glucose conditions. However, 
more studies are required to understand the molecular mechanisms 
of ABT-702 action. This might help to prevent the deleterious 
cardiovascular effects of proinflammation associated with GDM. 
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Abstract 
Hyperglycemia and a proinflammation are main characteristics of 

gestational diabetes mellitus (GDM). A high glucose level and an increased tumor 
necrosis factor alpha (TNF-⍺) secretion take place in the placentas from GDM 
pregnancies. It is described that these factors can alter the mitochondrial function 
in different cell types. Mitochondria are not only a cellular power source but also 
can regulate cellular faith. Alterations in endothelial mitochondria can lead to a 
higher risk of cardiovascular diseases, as seen in the GDM offspring. Along with a 
hyperglycemic and proinflammatory placental environment, adenosine is also 
altered in the fetoplacental vasculature. In the previous chapters, we have described 
that the inhibition of adenosine kinase (AK), a major adenosine regulator, seems to 
be beneficial counteracting some of the TNF-⍺ effects. We hypothesize that 
mitochondrial function changes may also be induced by the GDM-associated milieu 
in fetoplacental vasculature. In this study we evaluated mitochondrial function in 
high D-glucose treated human umbilical vein endothelial cells (HUVEC), an 
accepted experimental model for the GDM fetoplacental vasculature. Furthermore, 
we studied the effects of TNF-⍺ and the AK inhibitor (ABT-702) on mitochondrial 
function. HUVECs were isolated with collagenase and cultured in RPMI-1640 
under basal D-glucose conditions. Cells were then incubated (24 h) in basal (5.5 
mmol/L) or high (25 mmol/L) D-glucose in the presence or absence of TNF-⍺ (2 
ng/mL) and/or (ABT-702 2 µmol/L). After the incubation time, oxygen 
consumption rate (OCR), mitochondrial DNA copy number, expression of 
mitochondrial regulators and expression of various mitochondria-encoded mRNAs 
were evaluated. We found that high D-glucose reduced the OCR in HUVECs, a 
phenomenon partially reversed by AK inhibition. Moreover, high D-glucose led to 
an increased expression of mitochondrial transcription factor A (TFAM). On the 
other hand, we found that TNF-⍺ increased the mitochondrial DNA copy number in 
HUVECs incubated with basal and high D-glucose. ABT-702 increased the effect of 
TNF-⍺ in high D-glucose exposed HUVECs. Moreover, TNF-⍺ increased the 
expression of the mitochondrial-encoded cytochrome c oxidase subunit 1 (mtCO1, 
complex IV). No effect of high D-glucose or ABT-702 was observed in 
mitochondrial-encoded gene expression. Our findings suggest that high D-glucose 
and TNF-⍺ have an impact on mitochondrial function at different levels. AK 
inhibition may be useful to prevent functional mitochondrial alterations, as the 
OCR, in fetoplacental vasculature in GDM. 
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Introduction 
Hyperglycemia is the main characteristic of gestational 

diabetes mellitus (GDM) [1,2]. During GDM, maternal 
hyperglycemia is transferred to the fetal circulation leading to fetal 
hyperglycemia [1]. Moreover, GDM is associated with an increased 
proinflammatory state, with increased levels of cytokines, such as 
tumor necrosis factor alpha (TNF-⍺), not only in the maternal 
circulation but also in placental tissue [3–6]. This is in line with the 
finding that  intracellular adhesion molecule 1 (ICAM-1) is 
upregulated in the fetoplacental vasculature [7]. The fetal exposure to 
this altered intrauterine environment might explain the higher 
cardiovascular risk observed in GDM offspring [8–12]. 

It is well known that mitochondria are an important source for 
cellular energy, in the form of adenosine triphosphate (ATP) [13]. 
However, mitochondria also play a crucial role in various other 
processes such as reactive oxygen species formation, calcium 
homeostasis, heme group formation, senescence and apoptosis [13– 
16]. In the mother, GDM is associated with a decreased oxygen 
consumption rate (OCR) [17] and decreased mitochondrial DNA 
content in blood cells [18] as well as with mitochondrial changes in 
the placenta [19–22]. As mitochondria are important for endothelial 
bioenergetics and signaling, we hypothesize that mitochondrial 
changes may also be induced by the GDM-associated milieu in 
fetoplacental vasculature. 

In the previous chapters, we have shown that high D-glucose 
and TNF-⍺ may play a role in fetoplacental vascular dysfunction in 
GDM. Both factors can induce mitochondrial dysfunction in different 
cell types [23–26]. The other factor that plays an important role in 
the fetoplacental vascular dysfunction in GDM is adenosine. This 
nucleoside is increased in GDM fetoplacental vasculature [27] and 
may protect mitochondrial function [28]. Adenosine attenuates the 
effect of TNF-⍺ in microvascular endothelial cells [28] and genetic 
disruption of adenosine kinase (AK), an important regulator of 
adenosine, leads to mitochondrial pathology in mouse liver [29]. 

In this study, we evaluated mitochondrial function in high D- 
glucose treated human umbilical vein endothelial cells (HUVEC), 
which is an accepted experimental model for the GDM fetoplacental 
vasculature. We also studied the effects of TNF-⍺ and, the AK 
inhibitor (ABT-702), which increases adenosine concentration, on 
mitochondrial function in this model. In this chapter, we first 
evaluated OCR, followed by mitochondrial content, expression of 
mitochondrial regulators and expression of various mitochondria- 
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encoded mRNAs. 
 
Materials and methods 
Cell culture and conditions 

Human umbilical vein endothelial cells (HUVECs) from 
normal 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), as previously described [30]. 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 ~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. Additionally, cells (BG and HG) were incubated with the 
inhibitor of AK, 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 and/or with TNF-⍺ (2 ng/ 
mL). DMSO with or without (vehicle) ABT-702 and/or TNF-⍺ was 
used at a concentration of 0.1%. 

 
Oxygen consumption rate (OCR) 

Oxygen consumption rate in HUVECs incubated with basal 
(5.5 mmol/L) and high D-glucose (25 mmol/L) in the presence or 
absence of TNF-⍺ (2 ng/mL) and/or ABT-702 was measured using 
Instech's MicroOxygen Uptake System (FO/SYSZ-P250 Plymouth 
Meeting, PA), according to manufacturer indications [31]. HUVECs 
treatment was applied as described above. At the moment of the 
experiments, the cells were resuspended (approximately 106 cells/ 
mL) in serum-free (maintaining the respective conditions) media and 
the disappearance of oxygen pressure (pO2), was plotted in real-time, 
up to 20 minutes, to generate slopes (ΔpO2/Δtime). After this, the 
samples were kept in a previously weighed tube. The slope was 
calculated performing linear regression with an accepted R2 >0.9. 
OCR was calculated as described, OCR = V x 𝛽𝛽 x (ΔpO2/Δtime). 
Where V is the volume of the chamber and b is Bunsen's solubility 
coefficient for oxygen at 37 C, taken as 1.27 nmol/cm3x mmHg. The 
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calculated OCR was later normalized by ng of double-stranded DNA 
(dsDNA). 

 
Double-stranded DNA quantification 

After OCR was performed, the samples were individually 
weighed to estimate the volume of each sample. dsDNA was 
quantified using Quant-iT™ PicoGreen™ dsDNA Reagent (life 
technologies, Ca, USA) following the instructions of the 
manufacturer. The concentration of dsDNA (ng/mL) and the volume 
of the samples were used to determine the amount (mg) of dsDNA. 

 
RNA and DNA 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 and DNA 
concentration and purity were measured with NanoDrop ND-100 
UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, 
DE, USA). Aliquots of 500 ng of total RNA were used for reverse 
transcriptase cDNA synthesis. Aliquots of 300 ng of total DNA were 
used for mitochondrial/nuclear DNA ratio. 

 
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 was stored at -20 ºC until use. 

 
Quantitative RT-PCR (RT-qPCR) 

Total cDNA was diluted 20X with RNAse-free water and then 
5 µL were 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 12S and 16S ribosomal units (mt12S and mt16S, 
respectively), NADH dehydrogenase subunit 2 (mtND2, complex I), 
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Abbreviations: B2M, beta-2-microglobulin (gene, B2M); BACTIN, beta-actin 
(gene, ACTB);D-loop, displacement loop (mitochondrial DNA); GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase (gene, GAPDH); mt12S, 12S 
ribosomal subunit (gene, MT-RNR1); mt16S, 16S ribosomal subunit (gene, MT- 
RNR2); mtATP8, ATP synthase, Fo subunit 8 (complex V) (gene, MT-ATP8); 
mtCO1, cytochrome c oxidase, subunit 1 (complex IV) (gene, MT-CO1); mtCYB, 
cytochrome b (complex III) (gene, MT-CYB); mtND2, NADH dehydrogenase, 
subunit 2 (complex I) (MT-ND2); NRF1, nuclear respiratory factor 1 (gene, 
NRF1); TFAM, transcription factor A, mitochondrial (TFAM). 

 

cytochrome b (mtCYB, complex III), cytochrome c oxidase subunit 1 
(mtCO1, complex IV), ATP synthase subunit 8 (mtATP8, complex V), 
nuclear respiratory  factor 1 (NRF1),  transcription  factor A, 
mitochondrial (TFAM) 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°C for denaturation, 
30 seconds at 60°C for primer annealing and 30 seconds of extension 
at 72°C 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) [32]. 
Changes in expression were analyzed using the following expression 
2-(Ct gene of interest-Ct HKG). 
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Mitochondrial DNA copy number 
Mitochondrial/nuclear DNA ratio was evaluated through 

qPCR performed as described above. Total DNA, including genomic 
and mitochondrial, were incubated with RNAse during 30 minutes at 
37 ºC. 15 ng of total DNA were used to amplify the D-loop region 
(mitochondrial DNA) and ß-2-microglobulin (B2M) (nuclear single- 
copy gene) (See Table 1 for primer sequences). Each primer efficiency 
was evaluated in a 5 times serial dilution of a pooled total DNA from 
the measured samples. Changes in the DNA copy numbers were 
evaluated using the following expression 2-(Ct B2M x primer 
efficiency-Ct D-loop x primer efficiency). 

 
Statistical analysis 

To analyze the effects and the interactions between the three 
factors (i.e. glucose, TNF-⍺, ABT-792) three-way repeated-measures 
ANOVA was performed using log-transformed data. For post hoc test, 
Sidak adjustment was used. Data were analyzed using GraphPad 
Prism software (version 8a, San Diego). Data is 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. 

 
Results 
High D-glucose, TNF-⍺ and ABT-702 effect on the oxygen 
consumption rate. 

We evaluated the OCR in HUVECs incubated with high D- 
glucose and/or TNF-⍺ in the presence and absence of ABT-702 (Fig. 
1). Three-way ANOVA demonstrated a significant effect of glucose 
and a strong trend for an effect of the AK inhibitor, ABT-702. 
Moreover, no effect of TNF-⍺ was found. However, post hoc analysis 
did not show differences. 

 
TNF-⍺ alters mitochondrial DNA copies. 

Since glucose and the AK inhibitor affect the OCR, we 
hypothesized that this could be due to an increased number of 
mitochondrial DNA copies. Therefore, we evaluated the effect of high 
D-glucose, TNF-⍺ and the inhibition of AK on the  mitochondrial 
DNA copies, by measuring the ratio of mitochondrial to nuclear DNA 
in HUVECs. Three-way ANOVA demonstrated a significant effect of 
TNF-⍺ (Fig. 2), but no significant effect of high D-glucose or ABT-702 
was found. The post hoc analysis showed significantly increased 
mitochondrial DNA content in HUVECs incubated with TNF-⍺ in 
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Figure 1. High D-glucose, TNF-⍺ and ABT-702 effect on oxygen 
consumption. Oxygen consumption rate (OCR) in HUVECs incubated with 
basal (BG) (5.5 mmol/L) and high D-glucose (HG) (25 mmol/L) in the presence 
or absence of TNF-⍺ (2 ng/mL) and/or ABT-702 (2 μmol/L). For all figures, three-
way (repeated measures) ANOVA (Sidak post hoc) was performed . Values are 
mean S.E.M. (n= 4). 

 
basal or high D-glucose as compared with their respective controls 
(i.e. basal or high glucose controls). Moreover, co-incubation with 
TNF-⍺ and ABT-702 in high D-glucose showed an increased 
mitochondrial DNA content as compared with the high glucose 
control. However, in basal D-glucose conditions the co-incubation 
with TNF-⍺ and ABT-702 did not reach statistical significance. 

 
High D-glucose and TNF-⍺ affect the expression of nuclear-encoded 
mitochondrial regulators. 

NRF1 is a transcription factor encoded by nuclear DNA and 
important for the transcription of nuclear-encoded genes required for 
mitochondrial processes such as  TFAM, or mitochondrial 
transcription and heme synthesis [33]. TFAM directly induces 
mitochondrial DNA replication, DNA repair and mitochondrial DNA 
transcription [34]. Three-way ANOVA showed an increasing trend of 
high glucose on mRNA expression of NRF1, while TNF-⍺ significantly 
decreasing NRF1 expression (Fig 3a). Moreover, we did not find an 
effect of AK inhibition on mRNA of NRF1. High glucose significantly 
increased the expression of TFAM (three-way ANOVA), with no effect 
of TNF-⍺ or the AK inhibitor on TFAM (Fig. 3b). 

 
High D-glucose, TNF-⍺ and ABT-702 effect on mitochondrial 
transcription 

Since glucose and TNF-⍺ affect the expression of NRF1 and 
TFAM, we next evaluated whether mitochondrial transcription was 
changed as a result of one of the treatments. We, therefore, evaluated 
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Figure 2. TNF-⍺ alters mitochondrial DNA content. Mitochondrial/ 
nuclear DNA ratio (D-loop/𝛽𝛽-2-microglobulin) in HUVECs incubated with basal 
(BG) (5.5 mmol/L) and high D-glucose (HG) (25 mmol/L) in the presence or 
absence of TNF-⍺ (2 ng/mL) and/or ABT-702 (2 μmol/L). The data was analyzed 
using three-way ANOVA (Sidak post hoc). * p-value <0.05 vs. BG control, † p- 
value <0.05 vs. HG control. Values are mean S.E.M. (n= 7). 

 

the mRNA level of 6 genes encoded in the mitochondrial genome in 
HUVECs. We choose one ATP synthase gene subunit (mtATP8, 
complex V), 1 cytochrome c oxidase subunit gene (mtCO1, complex 
IV), one NADH dehydrogenase subunit 2 gene (mtND2, complex I), 
the gene for the cytochrome b (mtCYB, complex III), as well as the 
genes for ribosomal RNA (12S and 16S). Gene expression was 
measured in HUVECs incubated with high D-glucose and/or TNF-⍺ 
in the presence and absence of AK inhibitor, ABT-702. Three-way 
ANOVA did not show an effect of any of the conditions on the 12S 
(Fig. 4a) and 16S (Fig. 4b) ribosomal subunits RNA, NADH 
dehydrogenase subunit (mtND2) (Fig. 4c), cytochrome b (mtCYB) 
(Fig. 4d) and ATP synthase subunit 8 (mtATP8) (4f). However, TNF- 
⍺ significantly increased the transcript of cytochrome c oxidase 
subunit 1 (mtCO1) (Fig. 4d) (repeated measures ANOVA). Post hoc 
analysis showed that TNF-⍺ under basal D-glucose conditions 
increased the mRNA expression of mtCO1 in comparison with basal 
D-glucose control. However, no effect of TNF-⍺ was found in high D- 
glucose conditions. 

 
Discussion 

In this chapter, we studied mitochondrial function in HUVECs 
treated with high D-glucose as a model for the fetoplacental 
vasculature in GDM. We showed that high D-glucose has an overall 
effect on reducing the OCR in HUVECs. Additionally, we have shown 
that the inhibition of AK may have a beneficial role since it tend to 
increase the OCR in basal and high D-glucose, while TNF-⍺ did not 
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have an effect. This suggests that the accumulation of adenosine may 
exert a protective role in the fetoplacental vasculature maintaining a 
proper metabolic activity (evaluated through OCR). Moreover, in this 
study, we also analyzed whether the changes in OCR might be 
dependent on mitochondrial parameters, such as mitochondrial copy 
number, mitochondrial biogenesis or mRNA levels of mitochondrial- 
encoded genes. Although high glucose decreased the OCR, it did not 
affect the mitochondrial numbers, as measured by mitochondrial 
DNA content. It did, however, increase expression of NRF1 and 
TFAM-1. This may be a compensatory mechanism to the increased 
OCR in the mitochondria [35]. Interestingly, although TNF-⍺ did not 
have an effect on the OCR of HUVECs neither under basal nor high 
D-glucose conditions, TNF-⍺ significantly increased mitochondrial 
content. 

Incubation of HUVEC for 24 hours with high D-glucose 
decreased the OCR. This does not depend on an increase in the 
mitochondrial content (mitochondria/nuclear DNA ratio), or on 
mRNA levels of various mitochondria-encoded genes. However, high 
glucose increased the mRNA levels of NRF1 and TFAM. This again 
may reflect a compensatory mechanism to normalize OCR. The 
reduction in OCR is in line with the other studies in which exposure 
to 25 mmol/L of D-glucose for 6 days reduced the OCR in HUVECs- 
derived cell line (EA.hy926) [36]. Moreover, no differences in the 
protein expression of ATP synthase nor mitochondrial complexes 

 
 

 
Figure 3. Effect of high D-glucose and TNF-⍺ in nuclear-encoded 
mitochondrial regulators. mRNA expression of a) Nuclear  Respiratory 
Factor 1 (NRF1), b) Transcription Factor A Mitochondrial (TFAM) in HUVECs 
incubated with basal (BG) (5.5 mmol/L) and high D-glucose (HG) (25 mmol/L) 
in the presence or absence of TNF-⍺ (2 ng/mL) and/or ABT-702 (2 μmol/L). 
Three-way ANOVA (and Sidak post hoc) was performed. Values are mean S.E.M. 
(n= 7). 
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Figure 4. High D-glucose, TNF-⍺ and ABT-702 effect on mitochondrial- 
encoded mRNA. mRNA expression of a) 12S ribosomal subunit, b) 16S 
ribosomal subunit, )NADH oxidase subunit 2 (mtND2) (complex I), d) 
Cytochrome b (mtCYB) (complex III), e) Cytochrome c oxidase subunit 1 
(mtCO1), f)ATP synthase subunit 8 (ATP8) (complex V) in HUVECs incubated 
with basal (BG) (5.5 mmol/L) and high D-glucose (HG) (25 mmol/L) in the 
presence or absence of TNF-⍺ (2 ng/mL) and/or ABT-702 (2 μmol/L). For all 
figures, three-way ANOVA (and Sidak post hoc) was performed. * p-value <0.05 
vs. BG control. Values are mean S.E.M. (n= 7). 

 

were found in cells incubated with high D-glucose [36]. In line with 
this, others [37] showed that the high D-glucose-decreased OCR may 
be due to a reduced oxygen consumption used for ATP production, a 
reduced basal and maximal respiration, indicating that high D- 
glucose induced a reduction in mitochondrial activity [37]. 
Interestingly, in HUVECs isolated from GDM pregnancies (but 
normoglycemic at birth), a reduced OCR has been described [22]. In 
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view of our findings, this may be triggered by high glucose and 
maintained even after the normalization of glucose level. TFAM and 
NRF1, are two important regulators of mitochondrial biogenesis, 
mitochondrial repair and transcription [33,34]. We found that of  
high D-glucose increased TFAM mRNA and a trend towards an 
increased NRF1 mRNA expression. In a rat skeletal muscle cell line, 
TFAM promoter activity was increased by high glucose exposure for 
24 hours in an NRF1-dependent manner [38]. Even though in our 
study we found a trend in the effect of glucose in the NRF1 mRNA 
level, this might be enough to induce a significant increase in the 
mRNA level of TFAM. Nevertheless, whether the observed changes in 
mRNA are reflected in protein changes must be confirmed in future 
studies. Furthermore, the changes in mRNA of NRF1 and TFAM in 
HUVECs might depend on the time of exposure, since a reduction in 
these transcripts has been reported after 48 hours of incubation with 
high D-glucose [39]. Despite the changes in NRF1 and TFAM mRNA, 
we did not find changes in the expression of mitochondrial-encoded 
genes or on the ratio of mitochondrial/nuclear DNA under high D- 
glucose conditions. This suggests that the observed changes in NRF1 
and TFAM mRNA in our experimental conditions are not enough to 
induce protein changes. 

In HUVECs incubated with TNF-⍺, an increase in the 
mitochondrial content (mitochondrial/nuclear DNA) was found. 
Moreover, TNF-⍺ reduced NRF1 mRNA level. This may explain the 
maintenance of an unchanged OCR in the presence of this cytokine. 
Moreover, we found an increased mRNA expression of mtCO1, but 
not of the other genes, after TNF-⍺ incubation of HUVEC. An 
increased mitochondrial biogenesis in response to TNF-⍺ has also 
been previously reported in rat astrocytes [40] as well as in the 
endothelial EA.hy926 cell line [25]. However, in the endothelial cells, 
this increased mitochondrial biogenesis correlated with higher 
protein level of NRF1, TFAM and PGC1-⍺ [25], while in the astrocytes 
this was correlated with an increased OCR [40]. In contrast, we found 
decreased mRNA expression of NRF1 after TNF-⍺ and no effect of 
OCR. Differences between our study and the study of Jiang et al [40] 
and Drabarek et al [25] may be due to differences in TNF-⍺ 
concentrations or differences in the cell models. The reduction of 
NRF1 mRNA, found in the present study might result from a negative 
feedback triggered by an increased mitochondrial DNA replication. 
Alternatively, an increased NRF1 protein level, which we 
unfortunately did not evaluate in this study, may also induce a 
decreased mRNA expression. 
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The AK inhibitor, ABT-702, strongly tended to increase the 
OCR in HUVECs in both basal and high D-glucose in the presence or 
the absence of TNF-⍺. This suggests that accumulation of adenosine, 
in response to AK inhibition, may increase the OCR. However, we did 
not find changes in  mitochondrial content, regulators of 
mitochondrial biogenesis and replication, nor the mRNA levels of 
mitochondrial-encoded transcripts. PGC1-⍺, which was unfortunately 
not measured in our study, may for instance be involved. In human 
microdermal endothelial cells adenosine protects the cells from TNF- 
⍺-induced apoptosis via activation of eNOS-dependent NO synthesis 
and the activation of mitochondrial biogenesis regulator, PGC1-⍺ 
[28]. To evaluate a role for NO in the OCR in the present study, it 
would be interesting to evaluate the effect of ABT-702 in the presence 
of eNOS inhibitor (such as, N(ω)-nitro-L-arginine methyl ester (L- 
NAME)) Moreover, other parameters such as mitochondrial 
membrane potential, mitochondrial fission and fusion, or electron 
transport chain proteins should be evaluated in order to explain the 
mechanisms responsible for OCR changes in the presence of ABT-
702. 

In summary, our findings suggest that high D-glucose and 
TNF-⍺ have an impact on mitochondrial function at different levels. 
The mitochondrial changes induced by high D-glucose or TNF-⍺ may 
contribute to the alterations observed in the fetoplacental vasculature 
in GDM pregnancies. This may partially explain the higher 
cardiovascular risk observed in this GDM offspring. Even though AK 
inhibition did not prevent the molecular effect of high D-glucose or 
TNF-⍺, it may be useful to prevent functional mitochondrial 
alterations, as the OCR, in fetoplacental vasculature exposed to a 
hyperglycemic environment in conditions as GDM. 
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Gestational diabetes mellitus (GDM) is a pregnancy disease 
diagnosed during the second or third trimester of pregnancy. The 
main characteristic is maternal hyperglycemia [1]. 

GDM increases the risk of suffering from cardiovascular and 
metabolic conditions not only in the mother but also in the offspring 
exposed to GDM in utero [2,3]. Therefore, looking for therapeutic 
strategies and investigating the mechanisms of how GDM programs 
the fetus for a higher risk of cardiovascular and metabolic diseases 
later in life is a crucial step in order to reduce the morbidity in the 
offspring of GDM patients. 

The current treatment of GDM aims to reduce the maternal 
hyperglycemia [1]. At first instance, the mother is treated with a diet, 
which is carbohydrates restricted [1,4]. In women who do not 
respond to this diet, pharmacological interventions are 
recommended [1]. Insulin therapy is mostly recommended since it 
does not cross the placenta, thereby reducing the risk of fetal 
secondary complications [1]. Although treating GDM-associated 
hyperglycemia reduces the risk of fetal complications, the risk is 
never as low as in normal/uncomplicated pregnancies [4–7]. This 
suggests that the time gap between the onset of hyperglycemia and 
the treatment of GDM irreversibly alters the fetal physiology. 

In GDM, the fetoplacental vasculature exhibits characteristics 
of endothelial dysfunction in the macro- and microvasculature [8– 
12]. There is a vicious cycle of dysregulation between NO and the 
nucleoside adenosine [13]. Nitric oxide synthesis in GDM in the 
fetoplacental vascular bed is increased due to an increased expression 
and activity of human cationic amino acid transporter 1 (hCAT-1) and 
endothelial nitric oxide (NO) synthase (eNOS) [14,15]. hCAT-1 is the 
transporter for the semi-essential amino acid L-arginine, which is 
later converted into L-citrulline and NO [16]. NO is a gasotransmitter 
that diffuses and reaches the vascular smooth muscle leading to 
vasodilation [17]. Alterations in the transport and metabolism of 
adenosine in the fetoplacental vasculature have also been shown in 
GDM. The adenosine transporter, human nucleoside equilibrative 
transporter 1 (hENT1), is mainly responsible for the bidirectional 
transport of adenosine in and out of HUVECs [18]. In HUVECs from 
GDM pregnancies, a reduction in the hENT1-mediated adenosine 
transport has been reported [19]. This results from the lower 
expression of mRNA and protein of hENT1 in response to a 
transcriptional repression mediated by NO-dependent activation of 
the transcription factor hCHOP [19]. Moreover, adenosine has 
accumulated in the extracellular space, likely in response to the 
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reduced transport capacity of hENT1 [12]. The adenosine 
accumulation increases the signaling of adenosine via extracellular 
adenosine receptors and activates the transport of L-arginine, with 
the subsequent increase in NO synthesis [16]. Despite this vicious 
cycle, which results in an increased NO synthesis, in GDM; the 
fetoplacental vasculature exhibits a lower NO-dependent vasodilation 
[14]. This is likely due to a reduction of the NO bioavailability and an 
increased formation of peroxynitrite in a pro-oxidant cellular 
environment [20,21] (Fig. 1). 

In all the experimental chapters, we used HUVECs as an 
endothelial cell model. HUVECs are endothelial cells isolated from 
the umbilical vein and are thus part of the fetoplacental vasculature 
[22]. In chapter 4 we used HUVECs isolated from GDM pregnancies 
or from control pregnancies and compared these. In the other 
chapters, we used HUVECs from uncomplicated pregnancies and 
treated these HUVECs with high D-glucose (25 mmol/L) as a model 
for GDM HUVECs. As has recently been shown, treatment of 
HUVECs with high D-glucose induced endothelial dysfunction 
similar to the endothelial dysfunction seen in GDM. The dysfunction 
is characterized by alterations in endothelium derived NO, altered L- 
arginine transport, increased oxidative stress, pro-inflammation and 
altered hENT-1 transport [10,12,15,24,25]. 

In our first experimental chapter (Chapter 4), we evaluated the 
effect of GDM treatment on the expression of hENT1. We showed  
that GDM reduces the mRNA expression of hENT1 in HUVECs from 
GDM pregnancies treated with diet or with insulin therapy. However, 
in HUVECs from diet-treated GDM, this reduction in hENT1 
transcript is reflected in a reduction of hENT1 protein abundance, 
while insulin therapy seemed to restore the hENT1 protein 
expression in comparison with normal pregnancies. Since the hENT1 
mRNA expression is similar in both GDM treatments, the hENT1 
protein recovery mediated by insulin therapy might depend on 
posttranslational regulation of hENT1. However, further functional 
studies of this transporter are required to determine whether the 
protein changes are correlated with the transport capacity of hENT1. 
Previous studies have shown that insulin therapy does not restore the 
increased expression and activity of hCAT-1 and eNOS in HUVECs 
[26]. Therefore, as described in GDM treated with diet [19], in 
HUVECs from insulin therapy treated GDM, the NO-dependent 
hCHOP activation might explain the maintained reduced hENT1 
mRNA. We did not find differences in hCHOP protein abundance in 
GDM treated with diet or insulin therapy in comparison to normal 
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Figure 1. Fetoplacental endothelial dysfunction in GDM. In GDM, an 
increased (⬆) nitric oxide (NO) synthesis due to expression and activity of 
endothelial NO synthase (eNOS; NOS3), human cationic amino acid transporter 
1 (hCAT-1; SLC7A1) is present in the fetoplacental endothelium. The increased 
NO activates C/EBP homolog protein 10 (hCHOP). hCHOP binds to the human 
equilibrative nucleoside transporter 1 (hENT1; SLC29A1) gene promoter, 
reducing  (⬇)  its  transcriptional  activity.  The  reduction  of  hENT1  (SLC29A1) 
expression might lead to an extracellular adenosine accumulation and activation 
of A2A adenosine receptors (AR). Activation of AR increases L-arginine transport 
with the subsequent increase in NO synthesis. In GDM human umbilical vein 
endothelial cells (HUVECs), a lower adenosine kinase (AK) activity has been 
suggested [23]. This might contribute to the adenosine accumulation observed in 
GDM. The GDM milieu increases the oxidative stress increasing the formation of 
peroxynitrite (ONOO-), reducing the NO bioavailability. This leads to a lower 
vasodilation of the fetoplacental vasculature, likely altering the placental blood 
flow. 

 
pregnancies. However, other parameters, such as the subcellular 
localization of this transcription factor (i.e. hCHOP) and the binding 
to hENT1 (SLC29A1) gene promoter may have changed and should be 
evaluated in future studies [19]. Interestingly, even though a 
normalization of maternal hyperglycemia is achieved with the GDM 
treatment, either by diet or insulin treatment, the endothelial 
dysfunction still is present in the fetoplacental vasculature. As 
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indicated above, this suggests that during the initial phases of GDM, 
hyperglycemia irreversibly programs the fetal endothelial cells. If this 
endothelial functional programming remains present during adult 
life, it may partially explain the increased risk for cardiovascular and 
metabolic diseases. 

In chapter 5, we discuss the potential role of adenosine kinase 
(AK) in fetal programming in GDM. AK is an intracellular enzyme 
that converts adenosine into AMP using ATP as phosphate donor 
[27]. In vivo rat data have shown that AK may be more important in 
determining the extracellular adenosine concentrations than hENT1 
[28]. Indirect evidence suggests that in HUVECs from GDM 
pregnancies there is a lower activity of AK since adenosine 
phosphorylation was less efficient in GDM HUVECs [23]. Such a 
decreased activity of AK in GDM might be responsible (at least in 
part) for the accumulation of adenosine seen in the fetoplacental 
vasculature in GDM. 

In chapter 6 we used HUVECs incubated with high D-glucose 
as a model for GDM HUVECs and first studied AK expression in this 
model. AK subcellular localization includes the nuclear and 
cytoplasmic isoform. The expression of these two isoforms can vary 
depending on the cell type [29]. In this study, we showed for the first 
time the predominance of the AK nuclear isoform in HUVECs. 
Moreover, we also showed that the mRNA expression of AK is 
increased by high D-glucose. This was in contrary to our expectations. 
However, it may be speculated that AK activity is decreased by high 
D-glucose, resulting in a compensatory increase in AK mRNA 
transcription. 

In order to mimic the potentially reduced AK activity in 
HUVECs from GDM pregnancies, we used an inhibitor of AK, ABT-
702, which would result in an extracellular accumulation of 
adenosine [28], We thus expected an increased expression of hENT1 
in order to counteract and mobilize intracellular adenosine in 
response to the AK inhibition. However, AK inhibition did not lead to 
differences in the  total hENT1, nor  in any  of the  hENT1 
transcriptional variants at mRNA and protein level. Similarly, no 
changes in SAHH, which produces adenosine, were found in response 
to the inhibition of AK. Effects of AK inhibition were not found in 
basal D-glucose nor in high D-glucose. Furthermore, we found that 
AK inhibition did not change the gene expression of AK itself in basal 
or high D-glucose. 

In view of these results, it seems likely that the mRNA 
upregulation of hENT1, SAHH and AK observed in HUVEC exposed 
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to high D-glucose does not depend on the increased adenosine level 
or on the reduced activity of AK, since the AK inhibition did not 
regulate the mRNA levels of these genes. Therefore, if AK activity is 
decreased in GDM HUVEC [23], it might depend on other factors 
than high D-glucose, such as the altered lipids, magnesium and/or 
potassium levels in GDM, which are indeed crucial for AK activity 
[27,30,31] and are altered in this pregnancy disease [32–34]. It is 
therefore important to evaluate the AK expression in HUVECs from 
GDM, but also in HUVECs from healthy pregnancies incubated with 
different levels of magnesium, potassium, or lipids in order to 
evaluate how AK is regulated and how it interferes in endothelial 
function in fetoplacental vasculature in GDM. 

Little is known about the transcriptional regulation of AK 
isoforms. However, in the rat AK gene, it is known that the Sp1 
transcription factor regulates the expression of the nuclear AK 
isoform [35]. In line with these results, in HUVECs exposed to high 
D-glucose an increased nuclear localization of Sp1 is reported [36]. 
Therefore, the increase in nuclear AK in HUVECs incubated  with 
high D-glucose might be explained via a Sp1-dependent mechanism. 
Nevertheless, other mechanisms have also been proposed. In the rat, 
the AK gene contains GpG islands that might be a target for DNA 
methylation [35]. Since AK gene is highly conserved among species 
[27], it is likely that in the human AK gene this mechanism 
dependent on DNA methylation may also take place. This could 
explain the predominance of the nuclear AK isoform in HUVECs. 

Our data shows a predominance of the nuclear isoform of AK. 
Since a decreased AK activity has been previously suggested in 
HUVECs from GDM pregnancies [23], which might explain the 
adenosine accumulation in GDM fetoplacental vasculature. This may 
imply that the adenosine accumulation has its origin in the nucleus of 
the cell, due to a lower n-AK activity. However, we found that the 
mRNA level of AK was increased by a high D-glucose, suggesting that 
the expression and activity of AK are independently regulated. A 
nuclear adenosine accumulation can lead to impaired 
transmethylation reactions and altered methylation-dependent gene 
expression regulation mechanisms, such as DNA and histone 
methylation [27,37], crucial for the fetal programming phenomenon 
[38]. Further studies are needed to substantiate this hypothesis in 
our model. 

In the chapter 6, we have shown that a high D-glucose level 
increases the mRNA expression of DNA methyltransferase 1 and 3A, 
(DNMT1 and DNMT3A, respectively) and the expression of S- 
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adenosylhomocysteine (SAH) hydrolase (SAHH). This may result in 
altered epigenetic mechanisms under high D-glucose conditions. 
These epigenetic mechanisms can be the responsible for the 
maintenance of high D-glucose-induced alterations in the presence of 
a normal D-glucose level. 

GDM is not only associated with hyperglycemia but also with a 
proinflammatory state [39,40]. In the mother and fetus, an increase 
in circulating proinflammatory molecules has been reported [40–42]. 
Moreover, in the placental endothelium, an increased ICAM-1, 
VCAM-1 and E-selectin expression in comparison to uncomplicated 
pregnancies have been described [10,43], indicating endothelial cell 
activation. If such endothelial cells activation in the fetoplacental 
vasculature remains present until adulthood, it might, next to the 
endothelial dysfunction, also be responsible for the higher 
cardiovascular and metabolic risks observed in GDM offspring [25]. 
Therefore, the reduction of the proinflammatory environment in the 
placenta may have a beneficial impact on the vascular complications 
seen in GDM offspring later in life. Our findings in chapter 7 suggest 
that the high D-glucose itself may act as a proinflammatory stimulus 
on the endothelium, since incubation of HUVEC with high D-glucose 
increased endothelial inflammation markers, such as ICAM-1, E- 
selectin, IL-8 and TNFR1. Interestingly, AK inhibition did not change 
the high D-glucose effect in terms of the expression of the ICAM-1 
and E-selectin, indicating that the effect of high D-glucose in these 
inflammatory parameters is probably not regulated by adenosine 
levels. However, the increased TNFR1 mRNA expression triggered by 
high D-glucose was reduced by the AK inhibitor. This may suggest 
that the inhibition of AK may reduce the TNF-⍺ signaling. Therefore, 
inhibition of adenosine kinase may be beneficial for  HUVECs 
exposed to proinflammatory cytokines, as TNF-⍺. 

To further investigated the role of AK in the response of 
HUVEC to TNF-⍺ in chapter 8, we incubated HUVEC with TNF-⍺ in 
the presence of basal and high D-glucose and in the presence or 
absence of the AK inhibitor. We indeed found a reduction in the TNF- 
⍺-induced expression of endothelial proinflammatory markers and 
cytokines in the presence of AK inhibitor (ABT-702). This suggests 
that TNF-⍺ requires an active AK enzyme to exert a complete 
proinflammatory stimulus not only in basal D-glucose but also in a 
high D-glucose context. This effect of ABT-702 is likely to be 
dependent on the adenosine accumulation due to AK inhibition and 
the anti-inflammatory effects of the adenosine signaling [44]. 
However, other studies suggest that this effect may be mediated by a 
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reduction in histone methylation due to an adenosine accumulation 
and the interference in the transmethylation reactions [45]. In our 
studies, we did not discriminate between these 2 mechanisms, 
therefore, both mechanisms may participate in the regulation of 
proinflammatory markers in the endothelium. In view of the results, 
it seems likely that the putative lower AK activity in HUVECs from 
GDM pregnancies may be an adaptative mechanism to counteract the 
effects of the GDM-associated proinflammation in order to avoid 
more complications in the developing fetus. 

Mitochondria play a role in endothelial dysfunction in type 2 
diabetic patients [46,47]. Mitochondria are not only important for 
energy production, but they are also involved in processes like aging 
and cell faith [48,49]. In Chapter 9, we first evaluated the oxygen 
consumption rate (OCR) as a cellular metabolism marker, in 
HUVECs exposed to high D-glucose and/or TNF-⍺ in aerobic 
conditions (at 120 to 100 mmHg). Moreover, we evaluated the role of 
AK. For this, we used the AK inhibitor, ABT-702. We found that high 
D-glucose but not TNF-⍺, reduced the OCR after 24 hours 
incubation. Additionally, we found that inhibition of AK increased the 
OCR in HUVECs exposed to basal and high D-glucose and TNF-⍺, 
suggesting a beneficial role of adenosine for the cellular metabolism. 

We further evaluated whether the changes in OCR depended 
on changes in some mitochondrial parameters. Our findings suggest 
that even though there are changes in OCR induced by high D- 
glucose and ABT-702, these changes seem not to be dependent on the 
mitochondrial content, mitochondrial transcription, or mitochondrial 
biogenesis regulators. However, in this study, we did not include 
other mitochondrial functional parameters, such as the 
mitochondrial membrane potential [47]. Moreover, in future studies, 
the ATP production and consumption should be evaluated to 
elucidate whether the OCR changes are correlated with changes in  
the ATP level. Also, in our study, we evaluated the total OCR. This 
includes not only the mitochondria-dependent OCR but also the 
oxygen consumed by other processes, such as aerobic glycolysis 
[50,51]. Therefore, further studies are on the way to address the 
different fractions that constitute the total OCR in our experimental 
setup. 

A decreased cellular metabolism is a phenomenon associated 
with mitochondrial-induced apoptosis [52]. The reduced OCR 
induced by high D-glucose might imply that the fetoplacental 
vascular endothelium exposed to hyperglycemia in GDM pregnancies 
has  a  reduced  metabolic  activity.  In  line  with  this,  an  increased 
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mitochondrial apoptosis and a reduced ATP production is described 
in HUVECs exposed to high levels of D-glucose [53]. This impairment 
to meet cellular metabolic requirements can accelerate endothelium 
senescence and turn over [53–55]. If this is extrapolated to the fetal 
vasculature, this reduced endothelial metabolic activity might, in 
practical terms, imply that newborns from GDM pregnancies have an 
“aged” endothelium, which likely (in part) explains the increased 
cardiovascular risk observed in adult offspring from  GDM 
pregnancies (Fig 1). Since AK inhibition increased the OCR, it seems 

 

 
Figure 2. Proposed model: Influence of GDM on the increased 
cardiovascular risk in GDM offspring. During intrauterine life, GDM might 
alter the fetoplacental endothelium via different mechanisms (prenatal cellular 
damage), such as adenosine, nitric oxide (NO), methylation reactions (Met rx), 
proinflammatory intrauterine milieu. These alterations induce endothelial 
dysfunction, endothelial inflammation, decreased metabolic activity and 
accelerated senescence increasing the cardiovascular (CV) risk. The accumulation 
of prenatal damage in addition to an unhealthy lifestyle will increase the CV risk 
and the appearance of CV events earlier in life in comparison with the offspring 
from normal pregnancies (NP). 
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likely that the reduced AK activity as suggested in GDM-HUVECs 
might act as a compensatory mechanism in order to reduce the GDM 
impact in the endothelial metabolic activity. 

In summary, this thesis shows that main characteristic of 
GDM, as hyperglycemia and proinflammatory environment, trigger 
alterations in the fetoplacental vasculature that might explain the 
increased cardiovascular risk in GDM offspring (Fig. 2). Furthermore, 
inhibition of AK decreases some of the detrimental effects of high D-
glucose and TNF-⍺. It seems likely that the reduced AK activity in 
HUVECs from GDM, might act as an adaptative response to avoid 
more serious consequences of GDM. Understanding the mechanisms 
behind AK activity regulation might lead to novel potential 
therapeutic strategies to prevent and/or revert the effects of GDM in 
the offspring. 

 
Future perspectives 

Based on our study and the literature available it seems that 
AK plays a role in the endothelial alterations associated with GDM. 
Here we have shown that hyperglycemia might dysregulate the 
expression of key regulators of adenosine metabolism. Moreover, our 
inhibition studies suggest that the reduction in AK activity suggested 
in HUVECs from GDM might counteract some of the effects triggered 
by the intrauterine GDM milieu. Nevertheless, many questions are 
still needed to be answered. For instance, the activity of AK in high D- 
glucose conditions and in GDM still remains to be directly measured. 
Moreover, the role of each AK isoforms (i.e. nuclear and cytoplasmic) 
remains to be determined, while also the mechanism of the 
predominance of the nuclear AK in HUVECs needs to be established. 
Additionally, since AK regulates intra- but also extracellular 
adenosine levels [28], it is still required to evaluate the mechanisms 
by which AK inhibitions works. We need to evaluate whether the 
effect of AK inhibition depends on the accumulation of adenosine 
(intra- or extracellular) and whether the effects are mediated by the 
signaling through the adenosine receptors or whether the effects of 
inhibition of AK mediated by mechanisms related to dysregulation of 
methylation reactions. Also, considering that the product of the AK 
reaction is AMP, we cannot exclude the possibility that some of the 
effects observed by the inhibition of AK might depend on a reduction 
of AMP level and activation of AMP sensitive pathways. This also 
needs further investigation. 

As indicated before, there is a vicious cycle of dysregulation in 
the adenosine/L-arginine/NO pathway. At this time, it is unknown 
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how and at what site this vicious circle starts. It is tempting to 
hypothesize that AK activity plays a role in this process and therefore, 
it is important to establish the role of AK in this phenomenon and 
whether the accumulation of adenosine, due to a likely reduced 
activity in GDM, might play a role in this pathway. 

Finally, even though the exposure to high D-glucose in 
HUVECs is well reported in mimicking part of the GDM effects in the 
fetoplacental endothelium, we are aware that this in vitro model may 
not replicate all the effects of GDM. Therefore, in the future, similar 
analysis as performed in this thesis should be carried out in HUVECs 
isolated from GDM pregnancies and in HUVECS from healthy 
pregnancies incubated with or without high D-glucose in  the 
presence or absence of high lipids or magnesium/potassium. This 
may even better reflect the situation in GDM and may help us in 
better understanding of the mechanisms leading to fetoplacental 
endothelial dysfunction. 

Regarding the potential therapeutic implications of this study, 
we consider that the putative reduced AK activity in HUVECs from 
GDM may imply an adaptative cellular mechanism to reduce the 
effect of the GDM intrauterine environment. However, this may be a 
later effect. Since our finding suggest that hyperglycemia increases 
not only the AK mRNA but also inflammation and reduce the cellular 
metabolic activity, it is possible that in the first stage of GDM the 
pharmacological inhibition of AK may have a beneficial effect in 
reducing part of the accumulative damage produced by the 
hyperglycemia. 

The pharmacological regulation of this enzyme seems to be 
promising in the regulation of vascular inflammation and cellular 
metabolic activity. Therefore, it is tempting to study the regulation of 
AK in other conditions associated with these cellular phenomena, 
such as preeclampsia or atherosclerosis. In this respect, it is 
noteworthy to mention that in vivo animal studies in mice [56]and 
rats [57], have demonstrated the anti-inflammatory effects of this 
non-nucleoside AK inhibitor, ABT-702, which seems to be safe and 
orally active. However, studies on pregnant animals and clinical 
studies are lacking at this moment. 
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Summary 
Gestational diabetes mellitus (GDM) is a pregnancy disease 

diagnosed in the second or third trimester of the pregnancy. The main 
characteristic of GDM is maternal hyperglycemia. Excess glucose from 
the mother crosses  the placenta  and reaches  the fetal  circulation, 
leading to fetal hyperglycemia and hyperinsulinemia. The main goal of 
the treatment of GDM patients is to achieve optimal glycemic control, 
reducing maternal hyperglycemia and thereby fetal hyperglycemia and 
hyperinsulinemia. For this, the first approach is a carbohydrate and 
caloric-restricted diet. However, approximately 15 % of the mothers 
remain unresponsive to the diet and require pharmacological 
intervention, such as insulin therapy. Women who developed GDM 
have a higher risk to subsequently develop type 2 diabetes mellitus. 
Moreover, the newborns from mothers with GDM have a higher risk to 
develop short term complications and also have a higher risk of 
suffering from obesity and cardiovascular diseases later in life. 

In GDM, the fetoplacental vasculature shows endothelial 
dysfunction. This is probably caused by hyperglycemia. This endothelial 
dysfunction is characterized by alterations in the ALANO pathway 
(adenosine/L-arginine/Nitric oxide(NO)),  resulting  in an increased 
level of adenosine in the fetal circulation, increased NO synthesis and a 
reduced vasoreactivity of the fetoplacental vasculature. The increased 
adenosine level induces NO synthesis. This results in a reduction of the 
human equilibrative nucleoside transporter 1 (hENT1), one of the main 
transporters of adenosine.  This increases  the extracellular  level  of 
adenosine, indicating that there is a vicious cycle of dysregulation 
between adenosine and NO 

NO and adenosine are important vasoactive molecules, crucial 
for the regulation of the vascular tone and correct endothelial function. 
These molecules have an even more important role in the fetoplacental 
vasculature: the placenta lacks innervation and therefore, the control of 
the vascular tone depends on locally released molecules. 

Insulin is an important hormone, not only to regulate the blood 
glucose level but also for the vasculature. Insulin (in vitro) normalizes 
the NO synthesis and restores the expression of hENT1 in the umbilical 
cord vein of women with GDM reducing the effects of GDM on the 
endothelium. However, insulin requires specific types of adenosine 
receptors to achieve these effects. This suggests a link between the 
biological activities of adenosine and insulin. In chapter 3, we have 
reviewed the signaling  pathways  of adenosine  and insulin,  their 
independent and interdependent effects with an especial focus on the 
human vasculature. 
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The accumulation of adenosine observed in the fetoplacental 
vasculature in GDM seems to be dependent on the decreased 
expression of hENT1. This is triggered by the NO-mediated activation 
of human C/EBP homologous protein 10 (hCHOP) which leads to the 
transcriptional repression of the hENT1 gene. Previous studies in 
human umbilical vein endothelial cells (HUVECs) isolated from diet- 
controlled GDM pregnancies incubated in vitro with insulin have found 
a restored expression of hENT1. However, whether this in vitro effect of 
insulin on the expression  of hENT-1  also takes  place  in GDM 
pregnancies treated with insulin therapy was not yet elucidated. In 
chapter 4 we studied this. 

In chapter 4 we analyzed the expression of hENT1 mRNA and 
protein in GDM patients treated with insulin compared with patients 
treated with diet. Moreover, we also analyzed the protein abundance of 
hCHOP. We found that insulin therapy normalizes the expression of 
hENT1 at the protein level. However, no differences were found at 
hENT1 mRNA level in comparison to HUVECs from diet-controlled 
GDM pregnancies. This suggests that the control of maternal 
hyperglycemia with insulin therapy might be helpful to prevent some 
effects of GDM in the fetoplacental endothelium. Nevertheless, the 
hyperglycemia is not solely responsible for the alterations in hENT1 in 
GDM. 

Adenosine is a nucleoside that is tightly regulated by different 
intra- and extracellular mechanisms. In the fetoplacental endothelium, 
hENT1 is the main protein responsible for the balance of the adenosine 
level in and out of the cell. However, the phosphoribosyl transferase, 
adenosine kinase (AK), is the main route of adenosine clearance under 
physiological conditions.  AK phosphorylates  adenosine  generating 
AMP, decreasing the level of intracellular adenosine. Two isoforms of 
AK have been described based on their subcellular localization, the 
nuclear and cytoplasmic isoform (n-AK and c-AK, respectively). 

DNA methylation plays an important role in the epigenetic 
mechanisms of gene expression. In GDM, a high risk of subsequently 
developing cardiovascular diseases is described for the mother and the 
offspring. Alterations in DNA methylation due to the exposure to an 
unfavorable intrauterine GDM milieu (for example due to  
hyperglycemia) have been proposed as a mechanism inducing the long- 
term consequences  of GDM on the cardiovascular  system  in the 
offspring of GDM patients. Adenosine is a product of methylation 
reactions in cells. An accumulation of adenosine, as seen as in the GDM 
fetoplacental circulation,  will lead to a reversed  synthesis  of S- 
adenosylhomocysteine (SAH)  mediated  by SAH hydrolase (SAHH). 
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SAH is the immediate product of methylation mediated by DNA 
methyltransferases. Previous studies suggest a reduced activity of AK in 
HUVECs from GDM. This might also be involved in the accumulation 
of adenosine, explaining the alterations in DNA methylation observed 
in GDM. In chapter 5, we have reviewed the evidence that shows that 
adenosine kinase can lead to alterations in methylation and how this 
could (at least) in part explain the cardiovascular fetal programming 
observed in GDM. 

In the next experimental chapters,  we have used HUVECs  
isolated from uncomplicated pregnancies as a model for the 
fetoplacental vasculature. HUVECs were incubated with high 
concentrations of D-glucose (25 mmol/L) to mimic the main 
characteristic of GDM, hyperglycemia. In chapter 6, we first evaluated 
which isoform of AK predominates in HUVECs and later we evaluated 
the effect of high D-glucose concentrations (25 mmol/L) in HUVECs on 
the expression  of key adenosine  regulators and DNA methylase 
transferases 1 and 3A (DNMT1 and 3A, respectively). Moreover, we 
used ABT-702, a non-nucleoside AK inhibitor, to evaluate the role of 
this enzyme in the high D-glucose-induced changes. We found that the 
nuclear AK isoform predominates in HUVECs. In short, we found that 
total AK, hENT1, SAHH, DNMT1 and DNMT3A mRNA were increased 
with high D-glucose treatment in comparison with treatment with basal 
D-glucose (5.5 mmol/L). However, the treatment with ABT-702 did not 
modify the levels of these transcripts. Lastly, we tested the protein 
abundance of AK, hENT1 and SAHH in high D-glucose and ABT-702 
conditions. We found that neither high D-glucose concentrations or 
inhibition by ABT-702 affected the protein abundance. 

GDM   is   not   only   accompanied   by   maternal   and fetal 
hyperglycemia but also by an increased proinflammatory and 
proangiogenic intrauterine environment. Adenosine may be involved in 
regulating these phenomena. In chapter 7, we evaluated the effect of 
high D-glucose  concentrations on the expression  of markers  of 
endothelial inflammation, endothelial dysfunction and angiogenesis in 
HUVECs. Moreover, we performed a wound healing assay to test the 
migratory capacity of HUVECs exposed to high D-glucose. We also 
evaluated the role of AK in the effects of high D-glucose. We found that 
high D-glucose concentrations did not affect the migratory capacity of 
endothelial cells but increased the mRNA level of proinflammatory 
markers, such as intercellular adhesion molecule 1 (ICAM-1) and tumor 
necrosis factor receptor 1 (TNFR1), and endothelial dysfunction 
markers such as endothelial nitric oxide synthase (eNOS). Moreover, 
high D-glucose incubation did not affect angiogenesis markers, such as 
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vascular endothelial growth factor A (VEGFA) and VEGF receptor 2 
(VEGFR2) mRNA levels. AK inhibition reduced the increased mRNA of 
TNFR1 during  high glucose  and increased  migration capacity  of 
endothelial cells under basal D-glucose condition with AK inhibition. 
These findings suggest that high D-glucose (partially) mimics the GDM 
endothelial phenotype. Moreover, AK inhibition may play a beneficial 
role in some of the alterations (such as TNFR1) induced by high D- 
glucose in the fetoplacental vasculature. 

Since we have found that AK inhibition had a partial effect in the 
proinflammatory and endothelial dysfunction markers, we tested the 
effect of TNF-⍺ on key adenosine regulators (chapter 8). TNF-⍺ is an 
important proinflammatory molecule that activates inflammatory cells 
and endothelium and therefore eventually induces an inflammatory 
reaction. Moreover, we tested whether AK inhibition had an impact on 
the TNF-⍺ (2 ng/mL) mediated effects in HUVECs exposed to high D- 
glucose. TNF-⍺ abolished the effect of high D-glucose on endothelial 
NO synthase (eNOS), decreasing the eNOS mRNA level in basal and 
high D-glucose. No effect of TNF-⍺ was found on the mRNA level of AK 
and hENT1. AK inhibition reduced the effect of TNF-⍺ on the mRNA 
levels of proinflammatory markers. These findings suggest that TNF-⍺ 
induces not only endothelial activation but also alters the NO synthesis 
in HUVECs. Moreover, TNF-⍺ requires AK activity to induce 
endothelial activation. 

Inflammation and hyperglycemia can alter the mitochondrial 
function in different cell types. Alterations in endothelial mitochondria 
can lead to a higher risk of cardiovascular diseases later in life. In 
chapter 9, we evaluated mitochondrial function in HUVECs incubated 
with high concentrations of D-glucose in the presence or the absence of 
TNF-⍺ and/or the AK inhibitor (ABT-702). Our findings suggest that 
high D-glucose reduced  the oxygen  consumption rate in HUVECs, 
which was partially reversed by AK inhibition. TNF-⍺ increased the 
mitochondrial DNA copy number independent of the glucose level. This 
effect of TNF-⍺ was increased by ABT-702 in high D-glucose exposed 
HUVECs. No effect  of glucose  or AK inhibition  was observed  in 
mitochondrial-encoded gene expression. Our findings suggest that high 
D-glucose and TNF-⍺ have an impact on mitochondrial function at 
different levels. AK inhibition alleviates some mitochondrial alterations 
triggered by glucose or TNF-⍺ in HUVECs. 

In this thesis, we have demonstrated that high D-glucose and a 
proinflammatory environment lead to alterations in the fetoplacental 
endothelium, which together mimic the fetoplacental endothelium in 
GDM. We demonstrated that an active AK is required to induce part of 
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Samenvatting 
Zwangerschapsdiabetes mellitus is een zwangerschapsziekte die 

gediagnosticeerd wordt  in het tweede  of derde  trimester  van de 
zwangerschap. Het belangrijkste kenmerk  van zwangerschapsdiabetes 
is maternale en foetale hyperglycemie. Glucose kan passief de placenta 
passeren en de hoge glucose spiegels in het bloed van de moeder leiden 
dus ook tot foetale hyperglycemie. Dit leidt weer tot foetale 
hyperinsulinemie. Het hoofddoel van de behandeling van patiënten met 
zwangerschapsdiabetes is het behalen van optimale glycemische 
controle waardoor maternale hyperglycemie en daarmee ook foetale 
hyperglycemie vermindert. Hiervoor is de eerste optie de behandeling 
met een koolhydraat- en calorie-arm dieet. Echter, bij ongeveer  15% 
van de moeders heeft dit dieet geen effect waardoor farmacologische 
interventies, zoals insulinetherapie, nodig zijn. Vrouwen met 
zwangerschapsdiabetes hebben een groter risico om diabetes mellitus 
type 2 te ontwikkelen. Ook hebben pasgeborenen van moeders met 
zwangerschapsdiabetes meer risico om op korte termijn complicaties te 
ontwikkelen en op de lange termijn hebben ze een verhoogd risico op 
obesitas en cardiovasculaire ziekten. 

De foetoplacentaire vasculatuur bij vrouwen met  
zwangerschapsdiabetes vertoond endotheel dysfunctie. Dit is 
waarschijnlijk het gevolg van de hyperglycemie. Deze endotheel 
dysfunctie wordt gekarakteriseerd door veranderingen in de ALANO 
pathway (adenosine/L-arginine/stikstofoxide (NO)), en door een 
verhoogde hoeveelheid adenosine in de foetale circulatie,  verhoogde 
NO productie en een gereduceerde  vasoreactiviteit.  De verhoogde 
hoeveelheid adenosine  induceert  NO productie.  Dit leidt  tot een 
reductie van de human equilibrative nucleoside transporter 1 (hENT1), 
waardoor er een toename is in extracellulair adenosine. Dit leidt tot een 
vicieuze cirkel en zorgt voor ontregeling tussen NO en adenosine. 

NO en adenosine zijn belangrijke  vasoactieve  moleculen  en 
cruciaal voor de regulatie van een vasculaire weerstand en een correcte 
endotheel functie. Dit speelt een belangrijke rol in de foetoplacentaire 
vasculatuur; vaatweefsel  in de placenta  is niet geinnerveerd,  de 
vasculaire tonus is dus afhankelijk van lokaal geproduceerd vasoactieve 
moleculen zoals adenosine en NO. 

Insuline is een belangrijk hormoon dat niet alleen de 
bloedglucosewaarde reguleert maar ook de vasculatuur. Insuline (in 
vitro) normaliseert NO-synthese en herstelt de expressie van hENT1 in 
de navelstrengader van vrouwen met zwangerschapsdiabetes waardoor 
de effecten van zwangerschapsdiabetes  op het endotheel  worden 
gereduceerd. Insuline maakt hiervoor gebruik van specifieke adenosine 
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receptoren om deze effecten te induceren. Dit suggereert een verband 
tussen de biologische effecten van adenosine en insuline. In hoofdstuk 
3, een review over de signaal pathways van adenosine en insuline, 
bespraken we zowel hun onafhankelijke als afhankelijke effecten met 
name gericht op de humane vasculatuur. 

De accumulatie van  adenosine in de foetoplacentaire 
vasculatuur tijdens zwangerschapsdiabetes lijkt geïnduceerd te worden 
door een verlaagde expressie van het hENT1 gen. Dit wordt getriggerd 
door de NO-gemedieerde activatie van het human C/EBP homoloog 
protein 10 (hCHOP), hetgeen leidt tot transcriptionele repressie van het 
hENT1 gen. Eerdere  studies  gericht  op humane  navelstrengader 
endotheelcellen (HUVECs) die in vitro werden behandeld met insuline 
en die waren geïsoleerd van vrouwen met dieet behandelde 
zwangerschapsdiabetes, lieten een herstelde expressie van hENT1 zien. 
Echter, of dit in vitro effect van insuline op hENT-1 expressie ook plaats 
vindt bij insulinetherapie behandeling van  vrouwen met 
zwangerschapsdiabetes is nog niet duidelijk. Dit hebben we in 
hoofdstuk 4 bestudeerd. 

In hoofdstuk 4 hebben we de expressie van hENT1 op mRNA en 
eiwit niveau geanalyseerd in HUVECs van vrouwen met 

zwangerschapsdiabetes behandeld  met insuline  in vergelijking met 
vrouwen met zwangerschapsdiabetes die waren behandeld met een 

dieet. Daarnaast hebben we de eiwit waarde van hCHOP geanalyseerd. 
We zagen dat insulinetherapie de expressie van hENT1 op eiwit level 

normaliseert. Daarentegen werden geen verschillen gevonden op hENT1 
mRNA level tussen HUVECs uit zwangerschappen van vrouwen met 

zwangerschapsdiabetes die een dieet  volgden  of met insuline 
behandeld werden. Dit suggereert dat de behandeling van de maternale 

hyperglycemie met insulinetherapie van belang kan zijn bij het 
voorkomen van sommige effecten van zwangerschapsdiabetes in het 

foetoplacentaire endotheel.  Toch is hyperglycemie niet uitsluitend 
verantwoordelijk voor veranderingen in hENT1 in zwangerschapsdiabetes. 

Adenosine is een nucleoside dat nauw gereguleerd wordt door 
verschillende intra- en extracellulaire mechanismen. In het 
foetoplacentaire endotheel is hENT1 het belangrijkste eiwit dat 
verantwoordelijk is voor de balans van het adenosine niveau in en 
buiten de cel. Het enzym fosforibosyl transferase adenosine kinase 
(AK), is echter  het belangrijkste  enzym  voor het omzetten  van 
adenosine in de cel onder fysiologische  condities.  AK fosforyleert 
adenosine wat zorgt voor de generatie van AMP en een uiteindelijke 
afname van intracellulair adenosine. Twee isovormen van AK zijn 
beschreven op basis van hun subcellulaire lokalisatie, de nucleaire en 
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cytoplasmatische isovorm (n-AK en c-AK, respectievelijk). 
DNA methylatie speelt een belangrijke rol in het epigenetische 

mechanisme van genexpressie. Bij zwangerschapsdiabetes wordt een 
groter risico op het ontwikkelen van cardiovasculaire ziektes beschreven 
voor zowel de moeder als het kind. Veranderingen in DNA methylatie, 
vanwege blootstelling aan een ongunstig intra-uterien milieu (bv door 
hyperglycemie) tijdens zwangerschapsdiabetes, kunnen een oorzaak zijn 
van dit verhoogde risico op cardiovasculaire ziekten bij de kinderen van 
moeders met zwangerschapsdiabetes. Adenosine is een product van 
methylatie reacties in de cellen. Een accumulatie van adenosine, zoals 
gezien wordt in de foetoplacentaire circulatie bij vrouwen met 
zwangerschapsdiabetes, zal leiden tot een omgekeerde synthese van S- 
adenosylhomocysteine (SAH) gemedieerd door SAH hydrolase (SAHH). 
SAH is het directe product van methylatie gemedieerd door DNA 
methyltransferases. 

Eerdere studies veronderstellen een gereduceerde activiteit van AK 
in HUVECs van vrouwen met zwangerschapsdiabetes. Dit zou ook een rol 
kunnen spelen bij de accumulatie van adenosine, wat de verandering in 
DNA methylat ie  verklaart  die werd waargenomen bij  
zwangerschapsdiabetes. In hoofdstuk 5 reviewden we het bewijs dat laat 
zien dat AK kan leiden tot veranderingen in methylatie en hoe dit 
(tenminste) deels de cardiovasculaire foetale programmering bij 
zwangerschapsdiabetes kan verklaren. 

In de volgende experimentele hoofdstukken hebben we HUVECs 
gebruikt die geïsoleerd zijn uit navelstrengen van ongecompliceerde 
zwangerschappen als model voor de foetoplacentaire vasculatuur. Deze 
zijn geïncubeerd met hoge concentraties D-glucose (25 mmol/L) om 
het belangrijkste kenmerk van zwangerschapsdiabetes na te bootsen, 
namelijk hyperglycemie. In hoofdstuk 6 hebben we eerst geëvalueerd 
welke isovorm van AK overheerst in HUVECs en later hebben we het 
effect van hoge D-glucose  concentraties  (25 mmol/L)  in HUVECs 
bekeken op de expressie van de belangrijkste adenosine regulators en 
DNA methylase transferases 1 en 3A (DNMT1 en 3A, respectievelijk). 
Daarnaast hebben  we ABT-702  gebruikt,  een non-nucleoside  AK 
inhibitor, om de rol van dit enzym te evalueren bij de geïnduceerde 
veranderingen door hoge hoeveelheid D-glucose. We zagen dat de 
nucleair AK isovorm overheerst in HUVECs. Daarnaast zagen we een 
toename in mRNA van AK, hENT1, SAHH, DNMT1 en DNMT3A na 
een behandeling met een hoge D-glucose concentratie in vergelijking 
met een basale D-glucose concentratie (5.5 mmol/L). De behandeling 
met ABT-702 had geen invloed op de waardes van deze transcripten. 
Ten slotte hebben we de hoeveelheid eiwit van AK, hENT1 en SAHH in 
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hoge D-glucose en ABT-702 condities getest. We ontdekten dat zowel 
hoge D-glucose concentraties als inhibitie door ABT-702 geen effect 
hadden op de eiwit waardes. 

Zwangerschapsdiabetes gaat niet alleen gepaard met maternale 
en foetale hyperglycemie  maar ook met een toename  in het pro- 
inflammatoire en pro-angiogene intra-uteriene milieu. Adenosine kan 
betrokken zijn bij het reguleren van deze fenomenen. In hoofdstuk 7 
hebben we het effect van hoge D-glucose concentraties op de expressie 
van markers  met betrekking  tot endotheel  ontsteking, endotheel 
dysfunctie en angiogenese in HUVECs geëvalueerd. Bovendien hebben 
we een wound healing assay uitgevoerd om de migratiecapaciteit van 
HUVECs die zijn blootgesteld  aan hoge D-glucose  concentraties  te 
onderzoeken. We hebben ook de rol van AK tijdens de hoge D-glucose 
concentraties geëvalueerd. We lieten zien dat hoge D-glucose 
concentraties niet van invloed  zijn op de migratiecapaciteit  van 
endotheelcellen, maar wel op het mRNA-niveau van pro-inflammatoire 
markers verhogen zoals intercellulair adhesiemolecuul 1 (ICAM-1) en 
tumor necrosis factor receptor 1 (TNFR1), en endotheel dysfunctie 
markers, zoals endotheliaal stikstofoxide synthase (eNOS). Bovendien 
had incubatie  met hoge D-glucose  geen invloed  op angiogenese 
markers, zoals vasculaire endothele groeifactor A (VEGFA) en VEGF- 
receptor 2 (VEGFR2)  mRNA levels.  AK inhibitie  reduceerde  de 
toegenomen hoeveelheid mRNA van TNFR1 tijdens hoge glucose levels 
en de migratiecapaciteit van endotheelcellen nam toe onder basale D- 
glucose condities met AK inhibitie. Deze bevindingen suggereren dat 
een hoge D-glucose concentratie gedeeltelijk het endotheel  fenotype 
van zwangerschapsdiabetes kan nabootsen. Bovendien kan AK inhibitie 
een gunstige rol spelen bij enkele veranderingen die worden 
geïnduceerd door een hoge hoeveelheid D-glucose in de 
foetoplacentaire vasculatuur. 

Omdat we zagen dat AK inhibitie een gedeeltelijk effect had op 
de pro-inflammatoire en endotheel dysfunctie markers, hebben we het 
effect van TNF-⍺ op belangrijke adenosine-regulators getest (hoofdstuk 
8). TNF-⍺ is een belangrijk pro-inflammatoir molecuul dat 
ontstekingscellen en endotheel activeert en daarmee uiteindelijk een 
ontstekingsreactie kan induceren. We hebben ook getest of AK inhibitie 
een impact had op de TNF-⍺ (2 ng/mL)  gemedieerde  effecten  in 
HUVECs die zijn blootgesteld aan hoge D-glucose concentraties. TNF-⍺ 
verlaagde eNOS-mRNA onafhankelijk van het glucoseniveau. TNF-⍺ 
bleek geen invloed te hebben op het mRNA-niveau van AK en hENT1. 
AK inhibitie verminderde het effect van TNF-⍺ op de mRNA-niveaus 
van   pro-inflammatoire  markers.   Deze   bevindingen   suggereren dat 
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TNF-⍺ niet alleen endotheel activatie induceert, maar ook de NO- 
synthese in HUVECs verandert. Ook heeft TNF-⍺ AK-activiteit nodig 
om activatie te kunnen induceren. 

Ontstekingen en hyperglycemie kunnen de mitochondriale 
functie in verschillende celtypen veranderen. Veranderingen in 
mitochondriën in het endotheel kunnen op latere leeftijd leiden tot een 
hoger risico op cardiovasculaire ziekten. In hoofdstuk 9 hebben we de 
mitochondriële functie geëvalueerd in HUVECs die geïncubeerd waren 
met hoge concentraties D-glucose in de aanwezigheid of afwezigheid 
van TNF-⍺ en/of  de AK inhibitor  (ABT-702). Onze bevindingen 
suggereren dat hoge D-glucose concentraties het zuurstofverbruik in 
HUVECs verlagen,  wat gedeeltelijk  wordt  teruggedraaid  door AK 
inhibitie. TNF-⍺ verhoogde de hoeveelheid mitochondriële DNA 
kopieën onafhankelijk van het glucoseniveau. Dit effect van TNF-⍺  
werd verhoogd door ABT-702 in HUVECs die aan hoge D-glucose levels 
werden blootgesteld. Er werd geen effect van glucose of AK inhibitie 
waargenomen in mitochondrieel gecodeerde genexpressie. Onze 
bevindingen suggereren dat hoge D-glucose levels en TNF-⍺ invloed 
hebben op de mitochondriële functie op verschillende niveaus. AK 
inhibitie vermindert  een aantal  mitochondriële  veranderingen  die 
worden veroorzaakt door glucose of TNF-⍺ in HUVECs. 

In dit proefschrift hebben we aangetoond dat een hoge D- 
glucose concentratie en pro-inflammatoir milieu leiden tot 
veranderingen in het foetoplacentaire endotheel, die samen het 
foetoplacentaire endotheel in zwangerschapsdiabetes nabootsen. We 
lieten zien dat een actieve AK vereist is om een deel van de effecten van 
hoge D-glucose en TNF-⍺ in HUVECs te induceren. 
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