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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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