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This book summarizes several aspects of GD, which is caused by not well-understood 
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of the syndrome, i.e., endothelial dysfunction and the role of other placenta cells such 
as trophoblasts. It is a book that will definitively help to increase the knowledge-based 
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Preface

Gestational diabetes (GD) is a syndrome characterized by glucose intolerance with on‐
set or first recognition during pregnancy. This definition is widely and properly used in
clinical terms. Something that at present is not well defined is the potential consequence
of GD in the fetal development and increased postnatal risks. The, by now, clearer con‐
cept regarding health alterations in adulthood due to an abnormal intrauterine environ‐
ment is something that indeed requires considering in order to better understand the
consequences of human diseases of pregnancy. GD is one of the syndromes associated
with altered phenotype at birth. Certainly, a proper management of these patients must
be considered in order to diminish the health risk for the mother and the fetus.

In this book the contributors have compiled several aspects that should be considered in
pregnancies with GD. The book is divided into two sections: (a) GD Patient Care and
Considerations, and (b) Cell and Molecular Mechanisms Behind this Syndrome. In the
first section (Chapter 1), Professor M.R. Begum (AKM Medical College, Dhaka, Bangla‐
desh) proposes several management recommendations for a better comprehension of the
diseases in pregnancy and its consequences. In this review, it is proposed that pregnan‐
cy progresses with changes in maternal carbohydrate occur and the placental hormones
act as contrainsulin factor leading to insulin resistance with a final increase in insulin
secretion. When this physiological compensation is inadequate, then GD develops. Un‐
fortunately, we do not have tools for an early diagnosis of GD, or, even more important‐
ly, a protocol that allows prevention of GD, but as soon as this syndrome is diagnosed or
recognized management is required. GD ends in a sort of associated alterations in the
mother (eg., preeclampsia, type 2 diabetes mellitus (DMT2) and others) and the fetus (eg.,
congenital anomaly, macrosomia and others). Thus, management of this syndrome aims
mainly at maintaining euglycemia, preventing obstetrical complications and reaching
optimal timing and appropriate mode of delivery. This chapter presents discussion
which addresses suggestions for the management of patients including counselling, the
role of nutrition and/or insulin therapy, or pharmacological treatment including oral an‐
tiadiabetic agents such as glybenclamide and metformin. In Chapter 2, Professor E.C.
Dantas Moisés (University of São Paulo, Brazil) proposes a multidisciplinary care of
pregnant women with the diagnosis of GD. Complementing the previous chapter, this
chapter includes non-pharmacological strategies to improve maternal and perinatal out‐
comes. Several aspects are touched in this concept, including nutrition. The chapter high‐
lights the need for healthy eating habits according to the nutritional needs, physical
activity as a strategy for prevention, and professional support from psychologists, nurses,
social workers, and multidisciplinary groups. It is proposed that prenatal care of wom‐
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en is certainly required and that it is essential to provide information about the patho‐
physiology and prognosis of diabetes mellitus, either pregestational or gestational at this
stage. Indeed, the United Nations (UN) Secretary General of World Health Organiza‐
tion (WHO) organized a special session of the UN General Assembly (2011) to address
the control and prevention of non-communicable chronic diseases, presently the main
cause of death and loss of health, which highlighted the importance of the health status
of future mothers (i.e., pre-pregnancy) and its consequences on the health of fetus and the
newborn. There is certainly a need for this and more research centres formed by multi
and interdisciplinary groups should consider this concept.

In the second section of this book, five different contributions are presented referring to
cell and molecular mechanisms behind the genesis or consequences of GD. The contri‐
bution by Dr C. Salomon (University of Queensland, Australia) and colleagues (Chap‐
ter 3) explores the importance of new mechanisms of communication between the
trophoblasts and other cell types in the placenta in GD. One of the mechanisms dis‐
cussed in this chapter is the capacity of the trophoblasts to release nanovesicles includ‐
ing exosomes, and its potential putative utility in the diagnosis of disease onset and
treatment monitoring, including GD. The authors discuss the biogenesis and role of pla‐
cental exosomes as a mechanism to engage in local cell-to-cell communication and/or
distal interactions as release of placental exosomes into biological fluids and their trans‐
port to a remote site of action. The central idea behind this proposal is that placental-
derived exosomes may be of utility as diagnostic markers of GD in asymptomatic
pregnant women. A conclusion of this review leads us to ask whether nanovesicles re‐
leased from the trophoblasts will modulate the function of endothelial cells of the hu‐
man placenta, especially in GD. In the section reviewed by Dr E. Guzmán-Gutiérrez and
colleagues (Pontificia Universidad Católica de Chile) (Chapter 4) a link between the bio‐
logical effects of insulin in the placenta vasculature and the endogenous nucleoside ade‐
nosine is proposed. GD is also a syndrome that occurs with maternal and fetal insulin
resistance and adenosine modulates the biological action of insulin on L-arginine/nitric
oxide (NO) signalling pathway (the L-arginine/NO signalling pathway) in human um‐
bilical vein endothelial cells (HUVECs) from normal pregnancies. Thus, the authors pro‐
pose that GD associates with endothelial dysfunction in the fetoplacental macro and
microcirculation and further suggest the involvement of A2A adenosine receptors and
insulin receptors as a mechanism explaining the increase of NO synthesis (i.e., potential
modulation of the reported ALANO pathway (Adenosine/L-Arginine/Nitric Oxide) (San
Martín & Sobrevia, Placenta, 2006). It is also discussed that insulin has a dual effect re‐
garding modulation of L-arginine transport and NO synthesis in HUVECs. This is ex‐
plained by a potential differential expression of insulin receptor isoforms A (IR-A) and
IR-B in normal and GD pregnancies, as confirmed in recent studies in HUVECs (Wester‐
meier et al, Diabetes, 2011) and human placental microvascular endothelial cells (Salo‐
mon et al, PLoS ONE, 2012). In fact, since insulin effects are dependent on activation of
adenosine receptors in several cell types, including HUVECs (Guzmán-Gutiérrez et al,
PLoS ONE, 2012), it is suggested that a differential regulation of expression and/or activ‐
ity of insulin receptor isoforms by activation of adenosine receptors could be used as a
strategy to improve GD deleterious effects in the mother and the fetus. In these terms,
Professor A. Omu (Kuwait University, Kuwait) (Chapter 5) proposes that a complemen‐
tary action is required, including mechanisms and consequences of alterations in lipid
metabolism during pregnancy, which associates diabetes in pregnancy with obese pa‐
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tients. Furthermore, inflammation-induced insulin resistance is also reviewed in this
chapter and a potential correlation with the epidemic of obesity is proposed (Pardo et al,
J Diab Metab, 2012). Professor Omu also highlights the need for genetic studies to identi‐
fy subjects with candidate genes for diabetes and epigenetic factors that may affect gene
expression and predisposition to inflammation. Early recognition and management of
women predisposed to develop diabetes is crucial for prevention or delaying insulin
resistance and development of glucose intolerance. The epidemiology, genetics and im‐
munological basis of GD, the role of lipid metabolism and lipid peroxidation, oxidative
stress on antioxidant gene expression and other inflammatory cytokines, as well as the
role of risk factors such as obesity and adipokynes, proinflammatory cytokines, and the
role of intervention strategies in the prevention of progression of GD to DMT2 and ma‐
ternal effects of GD is extensively reviewed and proposed in this review. In the chapter
by Dr A. Leiva and colleagues (Pontificia Universidad Católica de Chile) (Chapter 6) the
role of maternal plasma cholesterol levels in pregnancy is analysed. Maternal supraphy‐
siological hypercholesterolemia (MSPH) occurs with pathologies including GD. Since GD
is also associated with endothelial dysfunction of the placenta mainly triggered by dys‐
lipidemia, it is proposed that MSPH could play a role in this phenomenon since dyslipi‐
demia is a risk factor in developing endothelial dysfunction and atherosclerosis. The
main topic of this review highlights the fact that atherogenesis, a clinical complication
commonly appearing in adults, might begin in fetal life with similar factors altered at the
mother, the fetus and the placenta. Another proposal is the fact that umbilical veins could
potentially be altered by MSPH. This is rather new in the literature and the mechanisms
are unknown; however, umbilical vein as a model of fetal arteries (i.e., carrying fetal
blood rich in oxygen) could represent a biological substrate for studying the mecha‐
nisms associated with fetal atherosclerosis biogenesis. The authors describe alterations in
the L-arginine/NO pathway and the role of arginases in this phenomenon. These mecha‐
nisms have not been evaluated in GD occuring with hypercholesterolemia (Leiva et al,
Exp Diab Res, 2011). Finally, the review by Dr C. Escudero (Universidad del Bío-Bío,
Chile) and colleagues (Chapter 7) supports several aspects of the information described
in previous chapters and includes general and specific ideas regarding dysfunction of the
endothelial cells from the microvasculature of the human placenta in GD. This review
summarizes the available literature focused on the role of feto-placental endothelial dys‐
function as the possible main factor in the generation of short-term complication during
GD and certainly speculates how it may program the response of the fetus to a ‘GD
environment’. Several aspects are put in a well coordinated description of mechanisms,
anatomy and histology of the placenta, changes in blood flow, the role of oxidative stress,
with a description of placental angiogenesis involving adenosine (Escudero et al, Biofac‐
tors, 2012).

A final general remark of chapters in this book is, in fact, that GD is a syndrome caused
by a not well-understood multifactor mechanism. However, common strategies seem to
be key in the understanding of the syndrome, i.e., endothelial dysfunction and the role of
other placenta cells such as trophoblasts. A proper and knowledge-based management of
the syndrome for the well being of the mother and the fetus is fully needed. In addi‐
tion, pre-pregnancy and antenatal screening of women is required. This is not only to
improve the management and outcome of the pregnancy but also to optimize life-long
health and well being, considering the inter-generational consequences. Thus, pre-preg‐
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nancy health and nutrition are key conditioning factors for fetal development and the
health of the newborn, which are, in turn, major determinants of adult chronic diseases.
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Chapter 1

GDM: Management Recommendations During
Pregnancy

Mosammat Rashida Begum

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55467

1. Introduction

Gestational diabetes mellitus (GDM) is currently defined as any degree of glucose intolerance
with onset or first recognition during current pregnancy [1-4]. Pregnancy induces progressive
changes in maternal carbohydrate metabolic process. As pregnancy advances insulin resist‐
ance and diabetogenic stress due to placental contra-insulin hormones necessitate compensa‐
tory increase in insulin secretion. When this compensatory mechanism fails due to pancreatic
β cells inadequacy gestational diabetes develops. GDM affects 1-2% of all pregnancies. In
majority of patients it is mild and can be adequately controlled with diet alone but a minority
will require antidiabetogenic agents like glyburide or insulin.

Abnormalities of carbohydrate metabolism occur during pregnancy lead to glucose intoler‐
ance. Due to diabetogenic effect of pregnancy about 3-5% of all pregnant women show glucose
intolerance and approximately 90% of these women have GDM. Majority of these women will
have normal carbohydrate tolerance after delivery. However, 50% of women with GDM will
develop type 2 DM later in their life. Asian women are ethnically more prone to develop
glucose intolerance compared to other ethnic groups. Due to many adverse effects of GDM on
mother and foetus early diagnosis and appropriate management is essential for improved
outcome of pregnancy.

2. How does pregnancy cause carbohydrate intolerance?

As pregnancy advances it causes

a. Increased insulin resistance due to

© 2013 Begum; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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changes in maternal carbohydrate metabolic process. As pregnancy advances insulin resist‐
ance and diabetogenic stress due to placental contra-insulin hormones necessitate compensa‐
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mother and foetus early diagnosis and appropriate management is essential for improved
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1. Antagonistic effect of increased production of human placental lactogen

2. Anti-insulin effect of increased production of placental cortisol, oestriol and proges‐
terone.

3. Increased insulin catabolism by placental and renal insulinase [5]

b. Increased blood glucose level because

1. Mother utilized fat for her caloric requirements and saves glucose for her foetus.

As a result of these physiological changes the normal blood sugar pattern in pregnant woman
is Fasting - 65 ± 9mg/dl, non fasting - 80 ± 10 mg/dl, postprandial - 140 ± 10 mg/dl [6].

3. Adverse effects of GDM

Carbohydrate intolerance during pregnancy or GDM causes significant increases in foetal and
maternal morbidity. The maternal consequences are

• Preeclampsia: 10-25% of all pregnant diabetes.

• Infection: High incidence of chorioamnionitis and postnatal endometritis.

• Polyhydramnios

• Postpartum bleeding- High incidence due to exaggerated uterine distension.

• Caeserean section: High incidence due to fetal cause.

• Delayed wound healing or wound dehiscence if GDM is not controlled

• Long term effect is type 2 DM.

Fetuses are much more affected than mothers. The fetal consequences are

• Congenital anomaly: It is associated with poor glycemic control and end organ damage.

• Macrosomia: It is defined as a birth weight greater than or equal to 4000 g. Incidence is
17-29% of pregnancies with GDM as compared with 10% in the nondiabetic population [7].

• Hypoglycemia The incidence of neonatal hypoglycemia is greater in GDM than normal
pregnancies [8].

• Hypocalcaemia

• Hyaline membrane disease

• Apnea and bradycardia

• Traumatic delivery: The incidence of shoulder dystocia with brachial plexus damage and
clavicular fractures are increased in neonates of women with GDM [9]

• Stillbirth

Gestational Diabetes - Causes, Diagnosis and Treatment4

The neonatal morbidity is assessed by a composite outcome that includes stillbirth, neonatal
macrosomia or LGA, neonatal hypoglycemia, erythrocytosis and hyperbilirubenemia. Langer
et al found composite morbidity in 59% of untreated GDM, 18% of treated GDM and in 11%
of non-diabetic subjects [9]. The most common complication was macrosomia which affected
46% and 19% of the newborns from untreated and treated mothers with GDM respectively.

4. How to diagnose GDM?

To diagnose GDM first of all screening is done to detect the potential cases for GDM. A number
of screening procedures and diagnostic criteria are followed in different countries like
American Diabetes Association (ADA), World Health Organization (WHO), Canadian
Diabetes Association (CDA), National Diabetes Data Group (NDDG) and Australian criteria.
Two types of screening methods are adopted by different populations. In selective screening,
only high risk populations are screened and in universal screening, all pregnant women are
included. American Diabetes Association (ADA) recommends screening of selective (High
risk) population. But compared to selective screening, universal screening for GDM detects
more cases and improves maternal and neonatal prognosis [10]. So universal screening appears
to be the most reliable and desired method for detection of GDM [11].

ADA screening: ADA recommends two step screening.

Step1:- A 50 gm glucose challenge test (GCT) is used for screening without regard to the time
of last meal or time of the day [12)

Step 2:-If 1hour GCT value is more than 140 mg/dl, 100 g oral glucose tolerance test (OGTT) is
recommended and plasma glucose is estimated at 0,1,2 and 3 hours. GDM is diagnosed if any
2 values meet or exceed fasting plasma glucose (FPG) >95 mg/dl, 1 hour postparandial glucose
(PG)> 180 mg/dl, 2 hour PG> 155 mg/dl and 3 hour PG >140 mg/dl. But drawback of this method
is that, the glycaemic control cut-off was originally validated against the future risk of mother
only and on the foetal outcome [13]. Other problems are the number of blood samples
requirement is more, 1 for screening and 4 for 3 hour OGTT to confirm the diagnosis. Moreover,
patients have to visit the antenatal clinic at least on two occasions for diagnosis leading to their
inconvenience.

WHO procedure: To standardize the diagnosis of GDM the World Health Organization
(WHO) recommends using a 2 hour OGTT with a threshold plasma glucose concentration of
greater than 140 mg/dl at 2 hours, similar to that of impaired glucose tolerance (IGT) in non
pregnant state [14]. WHO procedure also was not based on maternal and foetal outcome but
probably the criteria was recommended for its easy adaptability in clinical practice. WHO
criteria of 2 hour plasma glucose ≥140 mg/dl identifying a large number of cases may have
greater potential for prevention of GDM [15].

A single test procedure for diagnosis of GDM: All the diagnostic criteria require the women
to be fasting. For successful implementation of universal screening the procedure should not
impose any restriction. So a single test 2-hours after 75 g glucose in a non-fasting state
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irrespective of last meal can make the diagnostic procedure simple, feasible and economical.
It serves as both screening and diagnostic procedure, causes least disturbance to a pregnant
woman’s routine activities and avoids the inconvenience of fasting in a pregnant woman. It
was found that there was no significant difference in PG level between 75g glucose testing in
fasting and non-fasting state, irrespective of last meal timing [16]. Performing this test
procedure in the non-fasting state is rational, as glucose concentration are affected little by the
time since last meal in a normal glucose tolerant woman, whereas meal timing affects in a
woman with GDM [17] The non-fasting 2-h post 75 g glucose correctly identified subjects with
GDM [18] and strongly predict adverse outcome for the mother and her offspring [19]. Thus,
the single test procedure performed irrespective of the last meal timing is seems to be a more
rational and patient friendly approach.

Diagnosis Fasting plasma glucose (FPG)

(Mg/dl)

2-hour plasma glucose (PG)

(Mg/dl)

Normal glucose tolerance (NGT) <100 <140

Impaired fasting glucose (IFG) 100-125

Impaired glucose tolerance (IGT) 140-199

Diabetes mellitus (DM) ≥126 ≥200

Table 1. Classification of glucose intolerance by 75gm 2 hour oral glucose tolerance test(OGTT)

5. When to screen in pregnancy?

Increasing maternal carbohydrate intolerance in pregnant woman without GDM is associated
with adverse maternal and foetal outcome [20]. By following the usual recommendation for
screening between 24-28 weeks of gestation many early onset of GDM and pre pregnant
unidentified diabetes mellitus (DM) can be missed, which may adversely affect foetal outcome.
Seshiah et al detected 16.3% glucose intolerance within 16 weeks of pregnancy [21]. Other two
studies reported about 40% to 66% of women with GDM can be detected early during
pregnancy [22,23]. Nahum et al suggested that the ideal period to screen for GDM is around
16 weeks of gestation and even earlier in high-risk groups with a history of foetal wastage [23].
GDM diagnosis may not be missed by screening around 24-28 weeks of gestation but a
substantial number of pregnant women who develop GDM in the earlier weeks of gestation
are likely to have delayed diagnosis and may not receive appropriate medical care. So it is safe
to screen for GDM during early weeks of pregnancy as by early detection of glucose intolerance
during pregnancy and adequate care to the antenatal women a good foetal outcome can be
achieved similar to that of normal glucose tolerance (NGT) pregnant women [24, 25]. If a
woman is found to have normal glucose tolerance test in the first trimester, she should be tested
for GDM around 24th -28th weeks and around 32nd-34th weeks and also in later weeks if
necessary, particularly when rapid weight gain occurs or foetal macrosomia is suspected [26].

Gestational Diabetes - Causes, Diagnosis and Treatment6

It has been suggested that women at high risk should be screened as soon as pregnancy is
confirmed [27].

6. High risk GDM

Gestational diabetes is a complication during pregnancy which affects both mother and foetus.
From foetal point of view adverse affects are sometimes severe and fatal. Some GDM patients
are at higher risk for complications than others. High risk GDM patients are those who have
the

• History of stillbirth, neonatal death and foetal macrosomia in previous pregnany

• Maternal obesity and hypertension

• Development of oligohydramnios, polyhydramnios, preeclampsia

• Inadequate metabolic control by diet alone.

Women at high risk should be identified soon after the diagnosis is made, because they need
meticulous management to prevent such complications, need antepartum foetal surveillance
testing and may require delivery before their expected date of delivery.

7. Management strategies

To prevent maternal and fetal complications treatment at appropriate time is necessary. Early
detection of glucose intolerance during pregnancy and instillation of treatment at earliest state
can prevent the complications and a good fetal outcome can be achieved.

So, aim of management is to

• Maintain euglycemia

• Prevent obstetrical complications

• Fix optimal time and appropriate mode of delivery

Management includes

1. Counseling of the patient

It is important to counsel the patient with GDM about the condition and its management, so
that they can acquire a clear understanding of the characteristics and demands be emphasized
on

1. the importance of exercise and diet control

2. importance of blood glucose control

3. self monitoring of blood glucose
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4. identification and treatment of hypoglycemia.

2. Treatment of blood glucose control

The fundamental objective of the care of every insulin dependent pregnant diabetic is control
of blood glucose to a desirable level for good fetal outcome. The aim is to maintain the fasting
glucose level between 80-90mg/dl and 2 hours postprandial glucose level between 110-129mg/
dl.

7.1. Medical Nutrition Therapy (MNT)

Dieting is an important step for blood glucose control. But pregnancy needs extra calories for
growth and development of fetus. So GDM patients need strict maintenance of diet to maintain
adequate calories without affecting blood glucose level to have a healthy baby. The concept of
dietary management of the GDM or any other diabetic pregnant woman is that a healthy diet
for them is not different from a healthy diet for any other non-diabetic pregnant woman.
Patients should know that carbohydrate containing food increase blood glucose levels above
normal limits and that persistently abnormal elevation of the blood glucose levels are harmful
both for mother and foetus. So to prevent abnormal glucose levels a food plan should be made
to maintain adequate calories without affecting blood glucose levels. Patient needs to under‐
stand the quantity or servings of carbohydrate present in her meals and snacks and the effect
of different types of carbohydrate on her blood glucose levels.

The meal pattern should provide adequate calories and nutrients to meet the needs of
pregnancy. The expected weight gain during pregnancy is 300-400g/week and total weight
gain is 10-12 kg by term. So the meal plan aims to provide sufficient calories to sustain adequate
nutrition for the mother and foetus and to avoid excess weight gain and postprandial hyper‐
glycemia. Calculation of daily caloric intake is based on body weight, age, physical activities
and gestational age. Approximately 30-40 kcal/kg and an increment of 300 kcal/day above the
basal requirement are needed in 2nd and 3rd trimester. For majority of women with GDM the
optional total daily caloric intake will be between 2000 and 2500 cal/day. The total caloric intake
is split into three meals and one to three snacks depending on the patient’s habit. In a non-
diabetic woman the peaking of the plasma glucose is high after breakfast due to “Dawn
phenomenon’’and the insulin secretion also matches the glycemic excursion that occurs with
the meal [28]. But GDM mothers have deficiency in first phase insulin secretion leads to
increased postprandial glucose level after heavy breakfast. To avoid the postprandial plasma
glucose peaking with breakfast, it can be split into two halves and consuming these portions
with a two-hour gap. By this, the undue peak in plasma glucose levels after ingestion of the
total quantity of breakfast at one time is avoided.

The total daily caloric allowance should be distributed among the different foods groups in
such a way that approximately 40-50% of the calories come from complex carbohydrate. The
carbohydrate component of the diet should be distributed as 10-15% at breakfast, 20-30% at
lunch and 30-40% at dinner. Approximately 30-40% from fat and the rest from protein.
Postprandial elevations of blood sugar are due almost exclusively to the carbohydrate content
of the diet. So carbohydrate should be taken as small frequent meal. Growthwer et al showed

Gestational Diabetes - Causes, Diagnosis and Treatment8

the benefit of MNT is series of 1000 pregnant women in comparison to routine care. Serious
complications were 1% in MNT and 4% in routine care. Macrosomia rate was 10% in MNT and
21% in routine care. There was no perinatal death in MNT group whereas 5 perinatal deaths
were in routine care [29]. Benefits of MNT are

• Decreases hospital admission.

• Decrease in insulin use.

• Improved likelihood of normal foetal and placental growth.

• Reduced risk of perinatal complications specially when diagnosed and treated early

7.2. Oral antidiabetic agents

Oral hypoglycemic agents can be used to control blood glucose where nutritional therapy is
failed. Two important agents are used.

Glibenclamide: Glibenclamide (Glyburide) is safe therapy for many GDM women. This drug
decreases the insulin resistance and improves insulin secretion. Placental transfer of glyben‐
clamide is negligible. Langer et al concluded that glyburide is as effective as insulin in
maintaining the desired glycemic levels and resulted in a comparable outcome [30]. Only 4%
of women in the glyburide group were not adequately controlled and required insulin. The
usual starting dose of glyburide is 2.5 mg once or twice daily. A randomized clinical trial
comparing the effect of insulin and glyburide showed equally good glycemic control and
similar perinatal outcome [31]. The total daily dose may be increased up-to 20 mg if necessary.
The peak plasma level occurs 2-4 hours after administration and duration of action is 10-12
hours. Women with fasting hyperglycemia but normal postprandial blood glucose may do
well with a single dose of glyburide at bed time. Glyburide is a sulfonylurea and its primary
mechanism of action is stimulation of the release of insulin from the storage granules of
pancreatic beta cells. Secondarily it decreases insulin resistance. It is nonteratogenic and is
classified as a category B drug. The main side effect of glyburide is hypoglycemia.

Metformin: Though use of metformin in pregnancy is controversial, studies shows that it can
prevent the development of GDM in high risk for developing that. There were no adverse
effects to fetus and mother [32, 33]. Metformin trial in gestational diabetes found that in women
with GDM, metformin was not associated with increased peinatal complications as compared
with insulin [34]. Usual dose is 500 mg to 1500 mg daily in divided doses. Metformin appears
to suppress hepatic glucose uptake and decreases intestinal absorption of glucose. It is also a
category B drug and it does not cause hypoglycemia. More studies needed before recommen‐
dation for routine use in pregnancy.

7.3. Insulin therapy

Once diagnosis is made, nutrition therapy is advised. If it fails oral antidiabetic agents can be
tried. If oral agents failed to acheive FPG of ≤ 5.0 mmol/L and 2-h postprandial glucose level
of ≤ 6.7 mmol/L insulin is to be started. The aim is to maintain the postprandial peak plasma
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of ≤ 6.7 mmol/L insulin is to be started. The aim is to maintain the postprandial peak plasma
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glucose level of ≤ 6.7 mmol/L. Human insulin is the insulin of choice for the first time. Most
patients require a mixture of intermediate (NPH) and regular (short acting) insulin twice daily.
It is preferable to start with premix insulin (mixture of NPH and regular insulin) of any brand.
Usually women with GDM do not require >20 unit insulin per day for glycemic control [35].
Recommended dosing schedule is two thirds of the total insulin dose is to be given in the
morning and remainder before dinner. The morning dose should be two thirds NPH and one
third short acting insulin and the pre-dinner dose should be equal parts NPH and short acting
insulin. However, dose schedule requires modification according to patent’s BMI, glucose level
and life style.

Insulin analogue: If postprandial glucose is still not under control, rapid acting insulin
analogue is to be considered. Rapid acting insulin analogues (Aspart-Novorapid, Lispro-
Humalog) have been found to be safe and effective during pregnancy. Pregestational diabetic
women during pregnancy may require high dose of insulin. A few may require multiple-daily
injections usually given as short acting insulin before breakfast and lunch and intermediate
acting insulin or premix before dinner. Insulin dose is always individualized and has to be
adjusted according to need of the patient.

8. Monitoring of glycemic control:

8.1. Measuring blood glucose level

Meticulous monitoring is essential to achieve desired level of plasma glucose and to prevent
post-insulin hypoglycemia. The success of treatment for a woman of GDM depends on
glycemic control. Two hours postprandial blood glucose monitoring is preferable as the
diagnosis of GDM is also based on two hour plasma glucose. GDM women have high post-
breakfast plasma glucose level compared to post lunch and post dinner. So increased morning
dose of short acting insulin is needed together with careful adjustment of meal timing and
snacks to avoid hypoglycemia.

Once targeted blood glucose level is achieved woman with GDM require monitoring of both
fasting and 2-h post breakfast glucose once in a month till 28th weeks of gestation. After 28th

weeks blood glucose monitoring should be done fortnightly or more frequently if needed.
After 32 weeks blood glucose monitoring should be done once a week till delivery. In high risk
pregnancies continuous glucose monitoring may be needed to know the glycemic fluctuations
and to plan proper insulin dosage.

8.2. Measuring HbA1c

A1c level is useful in monitoring the glucose control during pregnancy, but not for the day to
day management. It serves as a prognostic value. In euglycemic state A1c value should be
≤6%. In early weeks of pregnancy A1c level is helpful to differentiate GDM from pre-pregnant
diabetes. If A1c level is more than 6% it indicates that woman is pre GDM [36]. Though
treatment approach is not changed based on A1c level.
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8.3. Foetal surveillance

The management of GDM, based on the foetal growth and developmental defect if there is any.
USG is the key diagnostic tool to detect developmental defect as well as to monitor the foetal
growth. Low risk GDM patients who have glycemic control with diet alone and who do not develop
any complications like polyhydaramnios, pre-eclampsia or macrosomia need ultrasonogram
around 24 weeks of gestation and thereafter as needed. High risk GDM patients who are on insulin
or oral antidiabetic agent should have antepartum foetal surveillance by ultrasonogram in every
trimester. A foetal echo is a must at 24 weeks to rule out congenital defect. In last trimester
biophysical profile is recommended twice in a week or weekly if foetus is at risk.

8.4. Timing of delivery

Low risk or uncomplicated GDM patients may be allowed to develop spontaneous labour and
to deliver at term. There is no need to deliver before term unless there is evidence of macro‐
somia, polyhydarmnios, poor glycemic control or other obstetric complications like, pre-
eclampsia or intrauterine growth retardation. Once the uncomplicated GDM patient reaches
40 weeks labour should be induced if cervix is ripe. If cervix is not ripe and estimated foetal
weight (EFW) is >4000 gm elective caesarean section is to be done. High risk GDM patients
should have their labour induced when they reach 38 weeks. Again C/S is to be done if EFW
is >4000 gm. Preterm pregnancy termination may be needed in GDM with complications like
pre-eclampsia, polyhydramnios, foetal compromise ( less foetal movement) and uncontrolled
diabetes. Glucocorticoid for 48 hours should be administered to accelerate lung maturity in
preterm termination. Insulin requirement may be increased due to hyperglycemin effect of
glucocorticoids. Spontaneous preterm labour is common in patient with GDM. Tocolysis in
the form of magnesium sulphate or nifedipine can be used in preterm labour to delay delivery
so that glucocorticoid therapy to accelerate lung maturity can be administered over 48 hours.

8.5. Management during labour

Most insulin treated GDM do not need insulin during labour and after delivery. During labour
it is essential to monitor blood glucose every 2-4 hours. Upward deviations from normal are
corrected with small doses of regular insulin or low dose IV insulin to maintain blood glucose
between 100 and 120 mg/dl. If blood glucose is >120-140mg/dl, 4 unit insulin, if
>140-180mg/dl 6 unit insulin and if >180 mg/dl 8 unit insulin is to be given in a drip of normal
saline at a rate of 16-20 drops/m. Maternal capillary blood glucose is to be checked by gluc‐
ometer every 1 hour and drip rate is to be adjusted. Dextrose infusion should be avoided. If it
is given neutralizing dose of insulin is to be given. 1 unit insulin is needed to neutralize 2.5g
glucose. So to neutralize the glucose of 1000 ml 5% dextrose saline 20 unit insulin is to be added
with the drip. Drip rate is to be judged according to patient’s requirement. Oral feeding is to
be started as early as possible to avoid infusion of fluid. Monitoring should be done after
delivery and 24 hours postpartum. Usually blood glucose level falls to baseline after delivery.

8.6. Neonatal management

A neonatologist should be present during delivery as GDM is a high risk pregnancy and there
is chance of neonatal morbidity. Neonates are at risk of all complications similar to the infants
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born to mothers with overt diabetes [37]. Neonates should be monitored closely after delivery
for respiratory distress. Capillary blood glucose should be monitored at 1, 2 and 4 hours after
birth and before starting of feeding. Cut-0ff value is 2.6 mmol. Early breast feeding is strongly
encouraged. If mother’s blood glucose is not normalized insulin is advisable in lactating
woman for good glycemic control.

9. Prevention of type 2 Diabetes Mellitus (DM)

There is increased risk of development of type 2 DM in patients of GDM [38] and incidence of
type 2 DM is about 44% in patients who required insulin or OHA or onset of GDM before 24
weeks [39]. GDM may also recur in a future pregnancy and approximately 55% of patients
who were obese or with macrosomic infants will have GDM in subsequent pregnancy [40]. So
it is important to perform a 75 g GTT at 6-8 weeks postpartum. If found normal, GTT is repeated
after 6 months and every year to assess glucose tolerance. Patients should be informed that
about 40-60% of them will have overt diabetics when they are in their 5th decades. Weight loss,
dietary control and exercise will obviously help to prevent overt diabetes later in life [41]. GDM
has a far reaching consequence in predisposing their offsprings to glucose intolerance. Debelea
et al found that more than 50% children who were born to women with GDM developed type
2 DM by the age 35 [42]. The important aspect of GDM is that the intrauterine milieu whether
one of nutritional deprivation or nutritional plenty, results in foetal pancreatic development
and peripheral response to insulin that may lead to adult onset GDM and type 2 DM[43]. So
the timely action in all pregnant women with glucose intolerance to achieve euglycemia may
prevent transmitting glucose intolerance from one generation to another [44].

GDM women are at increased risk of future type 2 diabetes mellitus and their children are also
at risk of developing type 2 DM later in their life. Universal screening for GDM at early weeks
of gestation can detect more cases at an early stage leading to early interventions and hence
improves maternal and foetal outcome as early detection leads to early treatment and prevent
complications and adverse effect to mother and foetus. A 2-hour 75g post glucose ≥7.8mml/L
serves both as screening and diagnostic criteria which is a simple and economical one step
procedure. Early detection and treatment of GDM can only prevent the all probable compli‐
cations and the vicious cycle of transmitting glucose intolerance from generation to generation.
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1. Introduction

Diabetes Mellitus (DM) is an endocrine disorder characterized by hyperglycemia due to insulin
deficiency. This deficiency can be caused by reduced pancreatic production, inadequate release
in response to increased carbohydrates or peripheral insulin resistance (ADA, 2009).

2. Classification

The first classification for Diabetes Mellitus has been published in 1949 by White Priscilla,
categorizing this pathology in classes A, B, C, D, E, F, R, H and T, according to the severity of
the disease, age of onset, duration, need for insulin use and the presence or absence of vascular
disease arising from the Diabetes Mellitus. This classification is still widely used for predicting
complications during pregnancy and is considered as an etiologic and prognostic system
(Calderon et al., 2007).

The National Diabetes Data Group (1979) suggested a clinical classification based on the type
of Diabetes Mellitus, considering three groups: insulin-dependent Diabetes Mellitus or Type
I, Non-insulin-dependent Diabetes mellitus or Type II, and Gestational Diabetes Mellitus
(GDM), which is diagnosed during pregnancy. This classification was recommended in 1980
by the World Health Organization Expert Committee on Diabetes Mellitus, being included in
the same group of glucose intolerance. This classification was intended to establish a uniform
structure for clinical and epidemiological research (Bennett, 1985).
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The American Diabetes Association (ADA) restructured the classification and diagnostic
criteria for Diabetes mellitus in 1999, emphasizing its etiology. Subsequently, the ADA
(2005) ratified this classification recognized two intermediate stages of the disease, being called
pre-diabetes, characterized by impaired glucose tolerance and fasting glucose intolerance
(Table 1).

I. Diabetes mellitus type 1: beta-cell destruction, usually leading to absolute insulin deficiency

II. Type 2 diabetes mellitus: can vary from primarily due to insulin resistance with relative insulin deficiency to a

predominantly secretory defect with insulin resistance

III. Other specific types

Genetic defects of beta cell function

Genetic defects in insulin action

Diseases of the exocrine pancreas

Endocrinopathies

Drug or chemical induced

Infection

Unusual forms of Diabetes immunomediated

Other genetic syndromes sometimes associated with diabetes

IV. Gestational diabetes mellitus

Table 1. Etiological classification of Diabetes mellitus (adapted from ADA, 2005; ADA, 2009).

3. Epidemiological data on pregnancy

The dysglycemia is the most common metabolic disorder in pregnancy, but its frequency varies
worldwide and among racial and ethnic groups. Broadly in general, the prevalence of
dysglycemia during pregnancy can be up to 13%, corresponding to 0.1% of type 1 diabetes
(T1DM), 2-3% of type 2 diabetes (T2DM) and 12 to 13% Gestational Diabetes Mellitus,
depending on the diagnostic criteria used and the population studied (Hod; Diamant, 1991).

GDM is defined as glucose intolerance of variable severity, which appears or is first diagnosed
during pregnancy (ADA, 2009), disappears after childbirth and that does not correspond to a
pre-gestational diabetes (ADA, 2011). There has been a significant increase in the number of
diagnoses of GDM over time, possibly related to an increase in average maternal weight and
age (Getahun et al, 2008). Prevalence also varies according to the method of testing and
diagnostic criteria.

It is recommended the early screening of high-risk pregnant women in the first prenatal visit,
which allows identifying preexisting diabetes mellitus cases, which should not be erroneously
termed as gestational diabetes. Excluding preexisting diabetes mellitus, pregnancy calls for
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the testing of employing glucose overload, from the second trimester of gestation for the
diagnosis of GDM. Currently, the American Diabetes Association (ADA, 2011) and the
International Association of Diabetes and Pregnancy Study Groups (IADPSG, 2010) recom‐
mend 75-g oral glucose tolerance test, with a duration of 2 hours, adopting as diagnostic criteria
for GDM cutoff points suggested by the Hyperglycemia and Adverse Pregnancy Outcomes-
HAPO study (2008), with plasma levels of fasting glucose greater than or equal 92 mg / dl one
hour post glucose load, greater than or equal 180 mg / dl two hours post glucose load, greater
than or equal 153 mg / dl, requiring only a single point change for the diagnosis of GDM. Using
the diagnostic criteria proposed by IADPSG, there is detection rate of diabetes during preg‐
nancy in about 18% of pregnant women.

4. Glycemic control

The assessment of glycemic control, through laboratory evaluation of fasting and postprandial
blood glucose, supplemented with daily home blood glucose self-monitoring, should be
considered every one to two weeks by the treating physician or a member of the multidisci‐
plinary team.

Glycemic control is considered appropriate if blood glucose levels remain within the reference
values (fasting less than 95 mg / dl, before meals less than 100 mg / dl, one hour postprandial
less than 140 mg / dl, two hours postprandial less than 120 mg / dl) and glycosylated hemo‐
globin test is less than or equal to 6%. The permanence of the blood glucose above the reference
values indicates the need for adjustment or inclusion of pharmacological and non-pharmaco‐
logical therapies (ADA, 2011).

The criterion of excessive fetal growth, through the measurement of fetal abdominal circum‐
ference greater than or equal to the 70th percentile on ultrasound between the 29th and 33rd
week, can also be used to indicate drug therapy in GDM (Buchanan et al, 1994).

5. Multidisciplinary care for pregnant women with diabetes mellitus

During prenatal care, it is essential to focus on providing information to patients about the
pathophysiology and prognosis of diabetes mellitus, either pre-existing or gestational.
Therefore, consultation should include targeted guidelines for diabetes care, in addition to
whole routine prenatal. Its periodicity depends directly on glycemic control, beyond existence
and progression of maternal and fetal complications, detected by clinical examination and
complementary propaedeutic, whose discussion is not the focus of this chapter.

Poorly controlled DM is often associated with increased risks of adverse maternal and perinatal
outcomes. Education and care programs in diabetes, provided by multidisciplinary team in
support of the medical staff, acting either alone or associated with pharmacological treatment,
may determine changes in the natural history of the disease, improving maternal and perinatal
outcomes.
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6. Nutritionist: Adequacy of food habit to nutritional need

Initial treatment of GDM and important part of preexisting diabetes treatment consist of
nutritional  guidance to  provide appropriate  levels  of  caloric  intake for  adequate  weight
gain during pregnancy, normalization of glycemia, absence of ketones and promote fetal
well-being.

Dietary recommendations follow similar patterns to those aimed at the general population.
The nutritional prescription constitutes the calculation of caloric intake and mounting the daily
menu, in addition to providing basic concepts about nutrition, healthy eating, the food
pyramid and food fractionation to the patient in order to arouse attention to the importance
of nutrition in pregnancy.

The ideal weight should preferably be achieved prior to pregnancy, since that is the deter‐
mining factor of the optimum setting of the nutrition prescription throughout gestation cycle.
The calculation of caloric value diet and adequate weight gain can be made according to the
idealized tables for this purpose (table 2), based on the Body Mass Index prior to pregnancy,
frequency and intensity of physical exercises and fetal growth pattern (Kaiser, Allen, 2008).

Nutritional status

BMI prior to

pregnancy

(Kg/m2)

Total weight gain

in the first

trimester (Kg)

Weekly weight gain in

the second and third

trimesters (Kg)

Total weight gain

in the pregnancy

(Kg)

Underweight < 18.5 2.3 0.5 12.5 - 18

Normal Weight 18.5 – 24.9 1.6 0.4 11.5 - 16

Overweight 25.0 – 29.9 0.9 0.3 7 – 11.5

Obese ≥ 30.0 - 0.3 5 - 9

Kg: kilogram

Kg/m2: kilograms per square meter

BMI: Body Mass Index

Table 2. Recommendation for total gain weight during pregnancy according to the Body Mass Index (BMI) before
pregnancy (adapted from Kuehn, 2009).

In clinical practice, for women with BMI below 18.5 kg/m2, the prescription of caloric intake
can be up to 40 kcal / kg / day; for women with BMI between 18.5 and 24.9 kg / m2, energy
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intake should be 30 kcal / kg / day; for women who are overweight, the caloric supply is 22 to
25 kcal / kg / day; for the morbid obese women the caloric prescription must be from 12 to 14
kcal / kg / day.

The diet should be planned throughout the day, being split into three large meals and three
snacks (ADA, 2004), being the carbohydrate intake distributed between them, aiming to
prevent postprandial hyperglycemia. The nutritional requirement of carbohydrates should be
restricted to less than 40% of total daily calories, with the remainder distributed among
proteins (15% to 20% of total calories per day, at least 1.1 g / kg / day) and fats (30% to 40% of
total calories per day). The adjustment of the postprandial insulin dose can be done by
calculating the carbohydrate content of each meal.

Non-nutritive artificial sweeteners such as aspartame, saccharin, acesulfame-K and sucralose
can be used sparingly, aiding the adaptation of taste to food (ADA, 2004).

7. Physical educator and therapist: Physical activity as a strategy for
prevention and adjuvant treatment

Physical activity reduces insulin resistance, facilitating peripheral glucose utilization with
consequent improvement of glycemic control while also helping to control weight gain during
pregnancy (Reader, 2007).

The recommended exercise prescription is low-impact physical activity, ideally being prac‐
ticed daily for at least 30 minutes, which can be divided into three sessions of ten minutes each,
keeping levels not exceeding 50% of the aerobic capacity of the patient (table 3).

Parameter Programa

Frequency 3 to 4 days / week

Intensity Variable (according to the previous fitness)

Duration Initially 15 minutes with gradual increase up to a maximum of 30 minutes / session

Modality
Low impact aerobic

Strength training and endurance

Table 3. Prescription of exercise during pregnancy (adapted from Davies et al, 2003).
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It constitutes safe method to be used during pregnancy (Szymanski, Satin, 2012). Some
precautions should be observed in handling (Ferraro, Gaudet, Adamo, 2012), such as starting
the physical activity sessions preferably after meals, avoiding beginning if the blood glucose
is below 60 mg / dL or above 250 mg / dL (Artal, 2003). The practice of physical exercises during
pregnancy is also contraindicated in cases of obstetric complications and / or concomitant
medical complications, as reported in Table 4.

Obstetric contraindications Clinical contraindications

Previous Miscarriage or preterm childbirth
Cervical incompetence
Premature rupture of membranes
Preterm labor
Intrauterine growth restriction
Multiple pregnancy: (two fetuses after 28th week or three
or more fetuses at any gestational age)
Placenta previa after 28th week
Persistent bleeding in the second and / or third trimesters

Cardiovascular disease
Hypertensive disease
Respiratory disease
Anemia (Hb <10 g/dl)
Malnutrition or eating disorder
Uncontrolled Diabetes Mellitus Type 1
Decompensated thyroid disease

Hb: hemoglobin

g/dl: grams per deciliter

Table 4. Contraindications to physical exercise during pregnancy (adapted from Davies et al, 2003).

8. Psychologist: Emotional support as a strategy for treatment adherence

Pregnancy, by itself, constitutes a period marked by several changes in women's lives,
involving social, biological, marital and psychological changes, which are aggravated because
of the occurrence of clinical and / or obstetric conditions that may potentially alter the maternal
and / or fetal outcomes. These changes may act as stressors and may interfere in a positively
or negatively way in adherence to the proposed treatment.

Psychological care has an evaluative component and, on the other hand, it also has an
instructional feature that serves as a basis for reflection and construction of behavior in the
situation experienced.

The initial characterization of the social, emotional and psychological aspects involving a
pregnant woman can be accomplished through evaluation instruments (Cohen, Kamarck,
Mermelstein, 1983; Zigmond, Snaith, 1983; Sherbourne, Stewart, 1991; Herrmann, 1997).

Regarding psychological intervention approach should initially focus on the demands related
to pregnancy and Diabetes Mellitus brought by the patient herself and, subsequently, expand
the focus to the instructional aspect, based on the information acquired. The understanding of
the whole process of health care and the benefits of the proposed interventions are the basis
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for building the strategy of treatment adherence, particularly with regard to diet (Gardner et
al, 2012).

9. Nurse: Combination of communication strategies and training
techniques

Nursing staff has fundamental integrator role in the care program for pregnant women with
diabetes mellitus. It features functions such as consolidation of primary communication
channel created by other professionals, technical training of specialized care and monitoring
of metabolic control of patient.

Different communication strategies can be adopted in order to achieve success in provid‐
ing guidance and establishing appropriate relationship with patients, that allow effective
training techniques of glycemic control monitoring. The establishment of this open channel
of communication between the patient and nursing staff provides another opportunity to
solidify concepts, in addition to allowing the sharing of anxieties and doubts, minimized
by this  team of  professionals,  collaborating to treatment adherence (Furskog et  al,  2012;
Mendelson et al, 2008; Persson et al, 2011).

Active and constant participation of nursing staff in the monitoring of glycemic control can
determine the establishment of the patient's attention to self-care and, consequently, the drop
in rates of adverse events, improving maternal-fetal prognosis (Ferrara et al, 2012)

10. Social worker: Creation of favorable environmental conditions for the
treatment

The Social Services is responsible for providing guidance on social rights and social security,
as well as duties related to treatment. Actions related to insertion of pregnant women in social
support networks can facilitate access to certain resources, which allows better adherence to
treatment and success of such proposals.

The social worker must also foster opportunities for discussion in order to create conditions
for pregnant women develop their critical capacity as subjects of rights.

Reviews regarding the effectiveness of interventions offered to women during pregnancy who
have been identified with social risk factors in relation to the development of depression and
adherence to clinical follow-up are under development in literature (Kenyon et al, 2012).

11. Multidisciplinary group: Strategy of sharing experiences

Considering that the behavior of a pregnant woman can act as a multiplier of information and
influence the conduct of another patient, it is possible to use pregnant women with adequate
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adhesion to treatment as a reference to be followed. In this context, multidisciplinary care with
groups of diabetic pregnant women can be an effective complementary strategy to individual
assistance.
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1. Introduction

Gestational Diabetes Mellitus (GDM) affects ~5% of all pregnancies and parallels the global
increase in obesity and type 2 diabetes. In the USA alone, GDM affects more than 135,000
pregnancies per year. Lifestyle changes that impact adversely on caloric balance are thought
to be a contributing factor in this emerging pandemic [1, 2]. The current ‘gold standard’ for
the diagnosis of GDM is the oral glucose tolerance test (OGTT) at 24–28 weeks of gestation [3,
4]. When GDM is diagnosed in the late second or early third trimester of pregnancy the
‘pathology’ is most likely well-established and the possibility to reverse or limit potential
adverse effects on perinatal outcomes may be limited [ 5]. Early detection of predisposition to
and/or onset of GDM, thus, is the first step in developing, evaluating and implementing
efficacious treatment. If such early detection tests were available, they would represent a major
advance and contribution to the discipline and afford the opportunity to evaluate alternate
treatment and clinical management strategies to improve health outcomes for both mother
and baby. Based upon recent technological developments and studies, we consider it realistic
that a clinically useful antenatal screening test can be developed. Unlike diseases such as cancer
where biomarkers need to be exquisitely specific, a useful antenatal screening test would
ideally be highly sensitive, but not necessarily highly specific. The consequence of a false
positive would be no worse than an erroneous triage to high-risk care.

Recent studies highlight the putative utility of tissue-specific nanovesicles (e.g. exosomes) in
the diagnosis of disease onset and treatment monitoring [6-11]. To date there is a paucity of
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data defining changes in the release, role and diagnostic utility of placenta-derived nanovesi‐
cles (e.g. exosomes) in pregnancies complicated by GDM.

The aim of this brief commentary, thus, is to review the biogenesis, isolation and role of
nanovesicles; and their release from the placenta. Placental exosomes may engage in paracel‐
lular interactions (i.e. local cell-to-cell communication between the cell constituents of the
placenta and contiguous maternal tissues) and/or distal interactions (i.e. involving the release
of placental exosomes into biological fluids and their transport to a remote site of action).

2. Exosome biogenesis and composition

2.1. Biogenesis

Exosomes are small [40-100 nm) membrane vesicles that are released following the exocytotic
fusion of multi-vesicular bodies with the cell membrane (Figure 1). They are characterised by:
a cup-shaped form: (a) a buoyant density of 1.13-1.19 g⁄ml [12, 13], (b) endosomal origin, and
(c) the enrichment of late endosomal membrane markers including Tsg101, CD63, CD9 and
CD81 [7, 14, 15]. While the process(es) of exosome formation remains to be fully elucidated,
available data support an endosomal origin and formation by the inward budding of multi-
vesicular bodies [16] (see Figure 2). Exosomes may also be directly transported from the Golgi
complex to multi-vesicular bodies [14].

Figure 1. Electron micrograph of circulating exosomes. Exosomes are 40-100 nm membrane vesicles with a density
ranging from 1.13-1.19 g/ml, characterised by a cup-shaped form and secreted by most cell types in vivo and in vitro.
Villous chorionic explant-derived exosomes were isolated by ultracentrifugation and purified using a sucrose gradient.
Scale bar = 100 nm.
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Figure 2. Schematic of exosome biogenesis and secretion. Exosomes are generated in the endosomal structure
participating the plasma membrane in this process, and secreted via constitutive endosomal pathways involving the
Golgi complex from various cell types. The exosomes contain specific proteins and miRNA as a new form of exosome-
mediated intercellular communication and with different biological function. In pathological pregnancies character‐
ised by compromised placental perfusion and ischaemia, such as GDM, exosome secreted from the placenta can
participate in an adaptive response of the mother and fetus and so interact with target tissue and modulate different
biological processes, such as immune response, cellular adhesion, development and metabolism.

Exosomes have been identified in plasma under both normal and pathological conditions. The
concentration of exosomal protein in plasma has been reported to increase in association with
disease severity and/or progression, and in response to oxidative stress. Cell membrane
budding and the deportation of cell membrane particles was originally considered as the
elimination of cell debris and associated with apoptosis and/or necrosis. Recent data, however,
suggest that the release of nanovesicles from cells may represent a normal mechanism for cell-
to-cell communication [17]. Packaging of exosomal contents appears to be a direct process in
which the ESCRT (endosomal sorting complex required for transport) systems play a signifi‐
cant role [18-20].

Exosomes are released from the placenta and the concentration of exosomes in maternal
plasma increases during normal pregnancy [21-23]. In vitro, exosomes are released from both
trophoblast cells and syncytium [24]. They contain placenta-specific proteins and miRNA and,
as such, may be differentiated from maternally-derived exosomes [25]. The concentration of
exosomes has been reported to increase in association with pre-eclampsia [22, 23, 26]. The role
of exosomes in the development and progression of GDM has yet to be established.

2.2. Composition

The exosomal content is highly dependent on the origin cell and on pre-conditioning of the
cell. One of the first exosomal proteomes characterised was from mesothelioma cells, in which
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data defining changes in the release, role and diagnostic utility of placenta-derived nanovesi‐
cles (e.g. exosomes) in pregnancies complicated by GDM.

The aim of this brief commentary, thus, is to review the biogenesis, isolation and role of
nanovesicles; and their release from the placenta. Placental exosomes may engage in paracel‐
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placenta and contiguous maternal tissues) and/or distal interactions (i.e. involving the release
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complex to multi-vesicular bodies [14].

Figure 1. Electron micrograph of circulating exosomes. Exosomes are 40-100 nm membrane vesicles with a density
ranging from 1.13-1.19 g/ml, characterised by a cup-shaped form and secreted by most cell types in vivo and in vitro.
Villous chorionic explant-derived exosomes were isolated by ultracentrifugation and purified using a sucrose gradient.
Scale bar = 100 nm.
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Figure 2. Schematic of exosome biogenesis and secretion. Exosomes are generated in the endosomal structure
participating the plasma membrane in this process, and secreted via constitutive endosomal pathways involving the
Golgi complex from various cell types. The exosomes contain specific proteins and miRNA as a new form of exosome-
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38 different proteins were identified [27]. Studies in cancer cells show the great variability of
proteins expressed in exosomes [28-32]. In exosomes isolated from a human first trimester cell
line (Sw7 1) Atay et al., using an ion trap mass spectrometry approach, identified proteins
implicated in a wide range of cellular processes including: cytoskeleton structure (adhesion,
membrane transport, and fusion), ion channels, lysosomal degradation, molecular chaperones,
amino-acid metabolism, carbohydrate metabolism, lipid metabolism, oxydo-reductase
activity, protein synthesis and post-translational modifications, ubiquitin modifiers, signal
transduction, transcription factors and regulators, DNA replication, chromatin structural and
regulatory proteins, mRNA splicing, transcription/translation, post-translational protein
modification enzymes, nuclear structural proteins, integrins, complement and coagulation,
immune function, iron transport, and ER specific proteins. This study provides the first
extensive analysis of the proteome of the exosome-derived trophoblast cells [7]. The data
obtained in this study, highlights the extent of putative functional interactions that may be
mediated by exosomes.

While the composition of exosomes appears to be cell-specific, a subset of common proteins
has been identified. The lipid bilayer is composed of sphingomyelin [33, 34]. Among the most
commonly used markers for characterisation of exosomes are tetraspanin proteins, including:
CD63, CD81, CD9, and CD82. Other families of common proteins in all exosomes include
chaperone proteins such as: Hsc70 and Hsp90; cytoskeletal proteins including actin, tubulin
and myosin; transport proteins; and annexins [35]. Exosomes derived from antigen-presenting
cells (APC) express MHC-I and MHC-II on their surface [36-38]. During exosome biogenesis,
the phospholipid/protein ratio of exosomes may be regulated by the Golgi membranes [39].

Significantly, single cell types display the capacity to generate different subpopulations of
exosomes. Laulagnier et al. 2005 demonstrated that RBL-2H3 cells (basophilic leukemia cell
line) released two main subpopulations of exosomes that can be discriminated by protein and
lipid contents. The first subpopulation contains phospholipids obtained mainly from granules
and the second contains phospholipids from Golgi. In addition, proteins CD63, MHC-II, CD81-
containing exosomes accounted for 47%, 32%, and 21%, respectively, of total exosomes [39, 40].

3. Isolation of exosomes

Exosome research is a burgeoning discipline with over 2000 articles published in the last 3
years. The putative role of exosomes spans from intracellular signaling to biomarkers of disease
[41]. Germane to any study seeking to elucidate the physiological or pathophysiological role
of exosomes is their specific isolation. Several methods for isolating exosomes have been
developed and partially characterised. These isolation methods are primarily based on particle
size and density. By definition, exosomes are nanovesicles with a diameter of 30-100 nm.
Typically they display a density of 1.12 to 1.19 g/ml and express characteristic cell-surface
markers.

The most common method of separation involves a series of differential centrifugation to
remove intact cells and debris, and nuclei followed by size selective filtration (0.2 μm pore
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size) and sedimentation by ultracentrifugation (e.g. at 110,000 g for 1-2 hours [42, 43]. Exosomes
may be further purified by differential sedimentation on sucrose gradients or sucrose-
deuterium oxide (D2O) [ 7]. Alternative methods utilise size exclusion chromatography and
density gradient centrifugation [44] or solid-phase immunoaffinity capture (i.e. anti-MHC-II
Dynabeads) [38, 43, 45]. In the absence of specific, cell surface exosome markers, the veracity
of immuno-affinity methods remains to be established.

More recently a commercial kit for the isolation of the exosomes has been released (Exo‐
QuickTM, System Biosciences). The isolation process involves a simple one-step precipitation
[43, 46]. While the commercial kit provides significant advantage with respect to processing
time, the resulting preparation may not be equivalent to that obtained by ultracentrifugation
and differential segmentation. In our own laboratory, parallel preparations of exosomes using
both methods reveal differences in the biophysical characteristics of the exosomes isolated.
Exosome preparations isolated using the commercial kit were characterised by a great range
in particle diameter (30-300 nm, as estimated by transmission electron microscopy (TEM) and
have a higher protein content than similar preparations isolated using the ultracentrifugation
method. In addition, analysis of protein patterns in SDS-PAGE electrophoresis and western
blot against CD63, CD81 and CD9 show similar characteristics between exosomes from
ultracentrifuge and ExoQuickTM methods, however, we had to dilute ExoQuickTM samples ~
10 times to obtain comparable concentrations with ultracentrifuge methods in exosomes
isolated from trophoblastic cells (see Figure 3). Differences in exosome protein and mRNA
content and functional activity between different preparations remain to be established.

Figure 3. Typical characteristics of exosomes isolated from trophoblast cells. (A) Exosome protein pattern analy‐
sis. 10 ug of exosome proteins and trophoblast cell lysate were separated on 4-12% SDS-PAGE and stained with Sim‐
plyBlue™ SafeStain (Invitrogen). (B) Western blot characterisation of exosomes with antibodies against CD63, CD81
and CD9 for 4 different samples isolated with ultracentrifuge or ExoQuick™ methods.
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4. The role for exosomes in cell-to-cell communication

Recently, evidence supporting a role for exosomes in cell-to-cell communication has been
obtained [47, 48]. Exosome release may represent a significant, hitherto unappreciated,
communication mechanism between cells, host cell and microbes [47].

For example, exosome function as a carrier of specific molecules such as mRNA and miRNA
can interact with neighbouring cells or travel long distances in the bloodstream to reprogram
the phenotype and regulate their function [40]. In the placenta, exosome- derived trophoblastic
cells are able to reprogram monocytes to secrete specific cytokine profiles independent of cell-
to-cell contact [8]. Placental-derived exosomes may also play a role in modulating immuno‐
logical responses through the induction of lymphocyte apoptosis, [21, 44, 49].

4.1. Information encoding by exosomes

Exosomes have been reported to express a diverse range of cell surface receptors, proteins
(including, heat shock proteins, cytoskeletal proteins, adhesion molecules, membrane trans‐
port and fusion proteins), mRNA and miRNA with the potential to affect the acute and long-
term function of the cells with which they interact [50]. In addition, in the absence of energy
production, normal membrane phospholipid asymmetry is lost and amniophospholipids
translocate to the outer leaflet of the cell membrane and generate a fusogenic and pro-coagulant
surface. Given that exosomes circulate in blood, these fusogenic moieties may be masked by,
for example, annexin V.

In vitro effects of exposing cells to exosomal proteins has been reported and include: induction
of differentiation of stem cells [51], suppression of activation of natural killer cells and
macrophages [52, 53], and stimulation of cell migration [8, 54]. Putative roles of exosomes,
thus, include cell differentiation, immunomodulation and migration [55]. Exosomes are not
merely inert fragments of cell membrane but display capacity to affect cell function at remote
loci and possibly be a source of disease biomarkers.

Exosomes also contain miRNA that may transfer to other cells and alter the expression of the
transcriptome and ultimately cell phenotype. miRNAs are a class of small non-coding RNAs
that function as translational repressors involved in a variety of physiological and pathological
processes in animals [56, 57]. They act via binding to messenger RNA and, thus, prevent the
translation of the encoded protein. Previous studies have reported that miRNAs are involved
in the pathogenesis of diabetes and are required for pancreatic development and the regulation
of glucose-stimulated insulin secretion [50, 58]. Moreover, differences in the expression of
miRNA such as miR-146a, miR-21, miR-29a, miR-34a, miR-222, and miR-375 have been
reported in pancreatic β-cells, liver, adipose tissue, and/or skeletal muscle of animal models
of type 1 or type 2 diabetes [59]. Another study found that miR-20b, miR-21, miR-24, miR-15a,
miR-126, miR-191, miR-197, miR-223, miR-320, and miR-486 were lower in prevalent type 2
diabetes [60].
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4.2. Placental exosome release and effects

4.2.1. Placental exosome release

Exosomes are released by the placenta during pregnancy and their release may correlate with
pregnancy outcome. The syncytiotrophoblasts and cytotrophoblasts are the most abundant
cell types of the human placenta and sense and regulate oxygen and nutritional exchange
between mother and fetus during the pregnancy [61, 62]. Pathologies of pregnancy including
preeclampsia, intrauterine growth restriction (IUGR) and GDM are associated with placental
dysfunction [4, 63, 64] and may display differential and specific exosome release profiles.

It has been established that the concentration of exosomes in maternal peripheral blood is
greater than that observed in non-pregnant women [21]. In this study, exosomes of placental
origin were specifically isolated from the maternal blood using anti-PLAP (anti-placental-type
alkaline phosphatase) conjugated to agarose micro-beads. In peripheral blood mononuclear
cells (PBMC), placental exosomes suppressed T signalling components such as CD3-zeta and
JAK3, while inducing SOCS-2 [2 1]. These results are consistent with those of Taylor et al. [44,
65] who demonstrated the presence and composition of placenta-derived exosomes in
maternal circulation along with their effects on T cell activation markers. Exosomes appear to
play an essential role in preventing an excessive immune response and in the development of
autoimmunity in human pregnancy.

Recently, it has been demonstrated that placental miRNAs circulate in the blood of pregnant
women [66, 67]. For example, maternal plasma concentration of placental miRNA-141
increases with gestational age [66]. Placenta-specific miRNA-517A is released from chorionic
villous trophoblasts into maternal circulation, where it may affect maternal tissues (e.g.
maternal endothelium) during pregnancy [25]. There is a paucity of data, however character‐
ising the release of exosome from endothelial cells during normal and pathological pregnan‐
cies. It will be important to determine if the placenta communicates with the maternal
endothelium via microvesicles, and, if so, to elucidate the role and mechanism of action of
exosome pathologies associated with endothelial dysfunction, such as GDM. Placenta-derived
miRNAs, therefore, may be of utility as biomarkers of placental function and/or pregnancy
outcome. It remains to be elucidated how much of this “free” miRNA and mRNA is actually
contained within exosomes and thereby confers stability. Indeed, the exact mechanisms
involved in the release of miRNA from the placenta remain to be established. A recent study,
however, reported that miRNAs are selectively packaged into microvesicles and are actively
secreted [68-70]. miRNAs are also released from the syncytiotrophoblast to the maternal
circulation in the pregnancy packaged inside exosomes [25, 71].

4.2.2. Effects

There remains a paucity of data about the effect of placenta-derived exosomes on both fetus
and mother. The available data, however, support a role for placental exosomes in mediating
communication at the materno-fetal interface and, possibly, at the distal site within the mother.
Recent data show that trophoblast-derived exosomes induce proinflammatory cytokines such
IL-1 β in human macrophages cells [8]. Furthermore, in vitro exposure of PBMC and dendritic
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cells to exosomal proteins induce differentiation of stem cells; suppression of activation of
natural killer cells and macrophages; and stimulation of cell migration [53, 72, 73]. Interest‐
ingly, protein analysis revealed that exosome release from trophoblast cells increases with low
oxygen tension and their exosome promote the cell migration in extravillous cytotrophoblast
(HTR- 8) (Salomon et al. manuscript in preparation).

5. Exosomes and GDM

Exosomes released from the placentae of women with GDM may alter maternal physiology.
Via a process of exosomal placento-maternal transfection a “payload” of receptors, proteins
and/or oligonucleotides” that have been specifically pre-conditioned by the GDM placenta
may be delivered to maternal response systems. Such mediators include: vascular, pancreatic
and adipose tissues, and the innate immune response system. The extent and impact of
placenta-derived exosomes on maternal physiology, however, remains to be elucidated.

In addition to a placento-maternal transfection pathway, trophoblasts or placental mesenchymal
stem cells (MSCs) may induce paracellular effects in association with GDM. For example, in
placental villi, exosomes released by perivascular MSCs may alter transport activity within
the placental vascular endothelium (e.g. the glucose transport GLUT 3) and thus the delivery
of energy substrates to the fetus.

In support of the role of exosomes in modulating glucose homeostasis, Deng et al., reported
that exosomes isolated from adipose tissue induce differentiation of monocytes into activated
macrophages and promote insulin resistance in an obese mouse model [74]. Exosomes isolated
from mouse insulinoma induce the secretion of inflammatory cytokines including IL-6 and
TNF-α in splenocytes cultured from non-obese diabetic mice (NOD) [75]. In this regards, these
cytokines as well as other inflammatory mediators play an important role in glucose tolerance
and insulin sensitivity dysregulation in women with previous GDM.

5.1. The effects of hyperglycaemia and oxidative stress on exosome release

GDM is a state of hyperglycaemia and increased oxidative stress [76]. In addition, hypergly‐
caemia-induced oxidative stress makes an important contribution to the aetiology of GDM
[77], with consequences for both mother and baby [78]. In support of an aetiological role of
hypoglycaemia and attendant oxidative stress in poor pregnancy outcome, the HAPO study
reported a strong and continuous association between maternal glucose concentrations and
pregnancy outcome and confirmed a relationship between birth weight and maternal hyper‐
glycaemia [79, 80].

Reactive oxygen species (ROS) include oxygen ions such as superoxide ions and hydrogen
peroxide (H2O 2) that are generated continuously during cellular metabolism. GDM pregnan‐
cies are characterised by an overproduction of ROS and free radicals and impaired antioxidant
capacity [81]. Oxidative stress and increased exosome release are common features of many
pathologies including: cancer, kidney disease, hypertension, and preeclampsia. It remains to
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be established whether or not exosome release in these circumstances is a paraphenomenon
of, or an adaptive response to, increased ROS formation and oxidative stress.

GDM is a syndrome that leads to feto-placental vascular endothelial dysfunction involving
higher nitric oxide (NO) concentrations and increases of oxidative state and vascular resistance
[63, 82]. Exosomes – endothelial cell interactions may result in activation of NO synthesis via a
number of mechanisms. Exosomes isolated from platelets obtained from patients with septic
induced endothelial dysfunction through the NADPH oxidase-dependent release of superox‐
ide and have been implicated in the induction of NO and peroxinitrite. NO synthase is also
induced by miR-203. miRNA-203 has been identified in exosomes [83]. It remains to be establish‐
ed whether or not miRNA-203 is present in exosomes isolated from women with GDM.

In non-gestational tissues, the available evidence supports an active role for exosomes in
regulating cellular redox status. For example, oxidative stress enhances exosome release from
Jurkat and Raji cell lines and the resultant increase in NKG2D receptor bioactivity impairs
cytotoxic response [84]. In 3T3-L1 adipocytes, oxidative stress increases microvesicle release
[85]. Melanoma-derived exosomes induce ROS production in T cells compared to exosomes
from normal cells, suppressing the immune response and improving carcinogenic invasion
[86]. Exosomes isolated from mouse mast cells MC/9 exposed to oxidative stress alter the
response of others cells to oxidative stress [87], increasing their resistance to oxidative stress
and reducing cell death. Interestingly, the mRNA content of exosomes produced under
oxidative stress conditions differ from those produced under normal conditions. These data
are consistent with the observations of Atay et al. [7, 8], Luo et al., [25] and Taylor et al. [83] who
similarly report cell- and condition-specific variation in exosomal protein, mRNA and miRNA
content.

5.2. Exosome biomarkers of GDM

In addition to their putative functional involvement in the pathophysiology of pregnancy,
placental-derived exosomes may be of utility as diagnostic markers of GDM in asymptomatic
women.

In 2011, the American Diabetes Association (ADA) and the International Association of
Diabetes and Pregnancy Study Groups (IADPSG) revised recommendations regarding GDM.
It is now recommended that patients at increased risk for type 2 diabetes be screened for
diabetes using standard diagnostic criteria at their first prenatal visit (ADA 201 2). Currently,
GDM is diagnosed in the late second or early third trimester of pregnancy. Pathology is
probably already established by this time and reversal of the potential adverse perinatal
outcomes may be limited. The lack of a reliable early test for GDM has hampered the devel‐
opment of useful intervention therapies that may impact not only on the acute but also the
long-term health outcomes [88-90]. Thus, there is a need to diagnose and predict GDM earlier
so that appropriate management can be initiated and tailored to the needs of the patient in
order to minimise perinatal complications and their sequelae.

Currently, the diagnosis of GDM is between 24-28 weeks of gestation by an oral glucose
tolerance test. The aim of the treatment for GDM is to maintain the glucose level in euglycaemia
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cells to exosomal proteins induce differentiation of stem cells; suppression of activation of
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be established whether or not exosome release in these circumstances is a paraphenomenon
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outcomes may be limited. The lack of a reliable early test for GDM has hampered the devel‐
opment of useful intervention therapies that may impact not only on the acute but also the
long-term health outcomes [88-90]. Thus, there is a need to diagnose and predict GDM earlier
so that appropriate management can be initiated and tailored to the needs of the patient in
order to minimise perinatal complications and their sequelae.

Currently, the diagnosis of GDM is between 24-28 weeks of gestation by an oral glucose
tolerance test. The aim of the treatment for GDM is to maintain the glucose level in euglycaemia
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with dietary modifications or in some cases with insulin therapy, however, when it is diag‐
nosed, the pathology is established and the clinical and obstetric management is limited [5, 91].

The quantitation of exosomes and/or exosome-specific content may be of diagnostic utility [14,
43, 83, 92, 93]. Exosomes are found in all body fluids tested to date including blood, urine,
saliva and breast milk. They can be obtained by minimally invasive methods (blood) or non-
invasive methods (using urine or saliva) [94]. Several studies have demonstrated the putative
utility of exosomes as biomarkers, particularly in cancers, where exosomal protein is correlated
with disease burden.

The measurement of exosomal miRNA in biofluids has proven of utility in cases of lung cancer,
colorectal cancer, prostate cancer and diabetes [95-99].

Zhao et al. isolated miRNA from blood circulation at 16-19 gestational weeks. Interestingly,
these authors found that the expression of miRNA-132, miRNA-29a and miRNA-22 were
decreased in GDM women compared with normal pregnancies in similar gestational weeks
[70]. Finally, there are few reports suggesting that mesenchymal stem cell and trophoblast
cells-derived exosomes may serve as therapeutic agents for use in regenerative medicine to
repair damaged tissue [100, 101].

Finally, in normal pregnancies, the placenta secretes significant amounts of macro- and microve‐
sicles, including exosomes [22, 26]. We suggest that in pregnancies complicated by GDM,
oxidative stress and hyperglycaemia increase the release of exosomes from the placenta into the
maternal circulation during in the first trimester of pregnancy. The quantification and character‐
ised of exosomes in the blood of these pre-symptomatic women, thus, may be of utility as an early
biomarker of disease onset. Furthermore, we propose that during first trimester, pre-symptomat‐
ic women who subsequently develop GDM: have higher plasma concentrations of placental-
derived exosomes; and a different exosomal protein and miRNA profile than women who
experience a normoglycaemic pregnancy. These characteristics could potentially be used for
diagnostic markers for exosome profiling to screen asymptomatic populations.

Acknowledgements

CS holds a Postdoctoral Fellowship at The University of Queensland Centre for Clinical
Research, Brisbane, Australia. GER was in receipt of an NHMRC Principal Research Fellow‐
ship. The work described herein was partially funded by a CIEF grant (University of Queens‐
land), a Smart Futures Fund grant (Department of Employment, Economic Development and
Innovation, Queensland Government) and a Translating Health Discovery into Clinical
Applications SuperScience Award (Department of Industry, Innovation, Science, Research and
Tertiary Education, Australian Government).

This investigation was supported by CONICYT (ACT-73 PIA, Pasantía Doctoral en el Extra‐
njero BECAS Chile), FONDECYT (1110977). CS hold CONICYT-PhD fellowships and Faculty
of Medicine/PUC-PhD fellowships.

Gestational Diabetes - Causes, Diagnosis and Treatment38

Author details

Carlos Salomon1,2, Luis Sobrevia1, Keith Ashman2, Sebastian E. Illanes3,
Murray D. Mitchell2 and Gregory E. Rice2

1 Cellular and Molecular Physiology Laboratory (CMPL), Division of Obstetrics and Gynae‐
cology, School of Medicine, Faculty of Medicine, Pontificia Universidad Católica de Chile,
Santiago, Chile

2 University of Queensland Centre for Clinical Research, University of Queensland, Her‐
ston, Queensland, Australia

3 Department of Obstetric and Gynaecology, Universidad de los Andes, Santiago, Chile

References

[1] Ferrara A, Kahn HS, Quesenberry CP, Riley C, Hedderson MM. An increase in the
incidence of gestational diabetes mellitus: Northern California, 1991-2000. Obstetrics
and gynecology. 2004;103 ( 3):526-33. Epub 2004/03/03.

[2] Robitaille J, Grant AM. The genetics of gestational diabetes mellitus: evidence for re‐
lationship with type 2 diabetes mellitus. Genetics in medicine : official journal of the
American College of Medical Genetics. 2008;10 ( 4):240-50. Epub 2008/04/17.

[3] Diagnosis and classification of diabetes mellitus. Diabetes care. 2012;35 Suppl
1:S64-71. Epub 2012/01/04.

[4] Salomon C, Westermeier F, Puebla C, Arroyo P, Guzman-Gutierrez E, Pardo F, et al.
Gestational diabetes reduces adenosine transport in human placental microvascular
endothelium, an effect reversed by insulin. PloS one. 2012;7 ( 7):e40578. Epub
2012/07/19.

[5] Agarwal MM, Weigl B, Hod M. Gestational diabetes screening: the low-cost algo‐
rithm. International journal of gynaecology and obstetrics: the official organ of the
International Federation of Gynaecology and Obstetrics. 2011;115 Suppl 1:S30-3.
Epub 2011/12/07.

[6] Chen Y, Ge W, Xu L, Qu C, Zhu M, Zhang W, et al. miR-200b is involved in intestinal
fibrosis of Crohn's disease. International journal of molecular medicine. 2012;29 ( 4):
601-6. Epub 2012/02/02.

[7] Atay S, Gercel-Taylor C, Kesimer M, Taylor DD. Morphologic and proteomic charac‐
terization of exosomes released by cultured extravillous trophoblast cells. Experi‐
mental cell research. 2011;317 ( 8):1192-202. Epub 2011/02/01.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

39



with dietary modifications or in some cases with insulin therapy, however, when it is diag‐
nosed, the pathology is established and the clinical and obstetric management is limited [5, 91].

The quantitation of exosomes and/or exosome-specific content may be of diagnostic utility [14,
43, 83, 92, 93]. Exosomes are found in all body fluids tested to date including blood, urine,
saliva and breast milk. They can be obtained by minimally invasive methods (blood) or non-
invasive methods (using urine or saliva) [94]. Several studies have demonstrated the putative
utility of exosomes as biomarkers, particularly in cancers, where exosomal protein is correlated
with disease burden.

The measurement of exosomal miRNA in biofluids has proven of utility in cases of lung cancer,
colorectal cancer, prostate cancer and diabetes [95-99].

Zhao et al. isolated miRNA from blood circulation at 16-19 gestational weeks. Interestingly,
these authors found that the expression of miRNA-132, miRNA-29a and miRNA-22 were
decreased in GDM women compared with normal pregnancies in similar gestational weeks
[70]. Finally, there are few reports suggesting that mesenchymal stem cell and trophoblast
cells-derived exosomes may serve as therapeutic agents for use in regenerative medicine to
repair damaged tissue [100, 101].

Finally, in normal pregnancies, the placenta secretes significant amounts of macro- and microve‐
sicles, including exosomes [22, 26]. We suggest that in pregnancies complicated by GDM,
oxidative stress and hyperglycaemia increase the release of exosomes from the placenta into the
maternal circulation during in the first trimester of pregnancy. The quantification and character‐
ised of exosomes in the blood of these pre-symptomatic women, thus, may be of utility as an early
biomarker of disease onset. Furthermore, we propose that during first trimester, pre-symptomat‐
ic women who subsequently develop GDM: have higher plasma concentrations of placental-
derived exosomes; and a different exosomal protein and miRNA profile than women who
experience a normoglycaemic pregnancy. These characteristics could potentially be used for
diagnostic markers for exosome profiling to screen asymptomatic populations.

Acknowledgements

CS holds a Postdoctoral Fellowship at The University of Queensland Centre for Clinical
Research, Brisbane, Australia. GER was in receipt of an NHMRC Principal Research Fellow‐
ship. The work described herein was partially funded by a CIEF grant (University of Queens‐
land), a Smart Futures Fund grant (Department of Employment, Economic Development and
Innovation, Queensland Government) and a Translating Health Discovery into Clinical
Applications SuperScience Award (Department of Industry, Innovation, Science, Research and
Tertiary Education, Australian Government).

This investigation was supported by CONICYT (ACT-73 PIA, Pasantía Doctoral en el Extra‐
njero BECAS Chile), FONDECYT (1110977). CS hold CONICYT-PhD fellowships and Faculty
of Medicine/PUC-PhD fellowships.

Gestational Diabetes - Causes, Diagnosis and Treatment38

Author details

Carlos Salomon1,2, Luis Sobrevia1, Keith Ashman2, Sebastian E. Illanes3,
Murray D. Mitchell2 and Gregory E. Rice2

1 Cellular and Molecular Physiology Laboratory (CMPL), Division of Obstetrics and Gynae‐
cology, School of Medicine, Faculty of Medicine, Pontificia Universidad Católica de Chile,
Santiago, Chile

2 University of Queensland Centre for Clinical Research, University of Queensland, Her‐
ston, Queensland, Australia

3 Department of Obstetric and Gynaecology, Universidad de los Andes, Santiago, Chile

References

[1] Ferrara A, Kahn HS, Quesenberry CP, Riley C, Hedderson MM. An increase in the
incidence of gestational diabetes mellitus: Northern California, 1991-2000. Obstetrics
and gynecology. 2004;103 ( 3):526-33. Epub 2004/03/03.

[2] Robitaille J, Grant AM. The genetics of gestational diabetes mellitus: evidence for re‐
lationship with type 2 diabetes mellitus. Genetics in medicine : official journal of the
American College of Medical Genetics. 2008;10 ( 4):240-50. Epub 2008/04/17.

[3] Diagnosis and classification of diabetes mellitus. Diabetes care. 2012;35 Suppl
1:S64-71. Epub 2012/01/04.

[4] Salomon C, Westermeier F, Puebla C, Arroyo P, Guzman-Gutierrez E, Pardo F, et al.
Gestational diabetes reduces adenosine transport in human placental microvascular
endothelium, an effect reversed by insulin. PloS one. 2012;7 ( 7):e40578. Epub
2012/07/19.

[5] Agarwal MM, Weigl B, Hod M. Gestational diabetes screening: the low-cost algo‐
rithm. International journal of gynaecology and obstetrics: the official organ of the
International Federation of Gynaecology and Obstetrics. 2011;115 Suppl 1:S30-3.
Epub 2011/12/07.

[6] Chen Y, Ge W, Xu L, Qu C, Zhu M, Zhang W, et al. miR-200b is involved in intestinal
fibrosis of Crohn's disease. International journal of molecular medicine. 2012;29 ( 4):
601-6. Epub 2012/02/02.

[7] Atay S, Gercel-Taylor C, Kesimer M, Taylor DD. Morphologic and proteomic charac‐
terization of exosomes released by cultured extravillous trophoblast cells. Experi‐
mental cell research. 2011;317 ( 8):1192-202. Epub 2011/02/01.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

39



[8] Atay S, Gercel-Taylor C, Suttles J, Mor G, Taylor DD. Trophoblast-derived exosomes
mediate monocyte recruitment and differentiation. Am J Reprod Immunol. 2011;65
( 1):65-77. Epub 2010/06/22.

[9] Armitage JA, Poston L, Taylor PD. Developmental origins of obesity and the meta‐
bolic syndrome: the role of maternal obesity. Frontiers of hormone research.
2008;36:73-84. Epub 2008/01/31.

[10] Taylor DD, Gercel-Taylor C. Tumour-derived exosomes and their role in cancer-asso‐
ciated T-cell signalling defects. British journal of cancer. 2005;92 ( 2):305-11. Epub
2005/01/19.

[11] Simpson RJ, Jensen SS, Lim JW. Proteomic profiling of exosomes: current perspec‐
tives. Proteomics. 2008;8 (1 9):4083-99. Epub 2008/09/10.

[12] Mignot G, Roux S, Thery C, Segura E, Zitvogel L. Prospects for exosomes in immu‐
notherapy of cancer. Journal of cellular and molecular medicine. 2006;10 ( 2):376-88.
Epub 2006/06/27.

[13] Miranda KC, Bond DT, McKee M, Skog J, Paunescu TG, Da Silva N, et al. Nucleic
acids within urinary exosomes/microvesicles are potential biomarkers for renal dis‐
ease. Kidney international. 2010;78 ( 2):191-9. Epub 2010/04/30.

[14] Mincheva-Nilsson L, Baranov V. The role of placental exosomes in reproduction. Am
J Reprod Immunol. 2010;63 ( 6):520-33. Epub 2010/03/25.

[15] Keller S, Ridinger J, Rupp AK, Janssen JW, Altevogt P. Body fluid derived exosomes
as a novel template for clinical diagnostics. Journal of translational medicine.
2011;9:86. Epub 2011/06/10.

[16] Simons M, Raposo G. Exosomes--vesicular carriers for intercellular communication.
Current opinion in cell biology. 2009;21 ( 4):575-81. Epub 2009/05/16.

[17] Ludwig AK, Giebel B. Exosomes: small vesicles participating in intercellular commu‐
nication. The international journal of biochemistry & cell biology. 2012;44 ( 1):11-5.
Epub 2011/10/26.

[18] Wegner CS, Rodahl LM, Stenmark H. ESCRT proteins and cell signalling. Traffic.
2011;12 (1 0):1291-7. Epub 2011/04/27.

[19] Stuffers S, Sem Wegner C, Stenmark H, Brech A. Multivesicular endosome biogene‐
sis in the absence of ESCRTs. Traffic. 2009;10 ( 7):925-37. Epub 2009/06/06.

[20] Stuffers S, Brech A, Stenmark H. ESCRT proteins in physiology and disease. Experi‐
mental cell research. 2009;315 ( 9):1619-26. Epub 2008/11/18.

[21] Sabapatha A, Gercel-Taylor C, Taylor DD. Specific isolation of placenta-derived exo‐
somes from the circulation of pregnant women and their immunoregulatory conse‐
quences. Am J Reprod Immunol. 2006;56 (5- 6):345-55. Epub 2006/11/02.

Gestational Diabetes - Causes, Diagnosis and Treatment40

[22] Redman CW, Sargent IL. Circulating microparticles in normal pregnancy and pre-
eclampsia. Placenta. 2008;29 Suppl A:S73-7. Epub 2008/01/15.

[23] Orozco AF, Lewis DE. Flow cytometric analysis of circulating microparticles in plas‐
ma. Cytometry Part A : the journal of the International Society for Analytical Cytolo‐
gy. 2010;77 ( 6):502-14. Epub 2010/03/18.

[24] Atay S, Gercel-Taylor C, Taylor DD. Human trophoblast-derived exosomal fibronec‐
tin induces pro-inflammatory IL-1beta production by macrophages. Am J Reprod
Immunol. 2011;66 ( 4):259-69. Epub 2011/03/18.

[25] Luo SS, Ishibashi O, Ishikawa G, Ishikawa T, Katayama A, Mishima T, et al. Human
villous trophoblasts express and secrete placenta-specific microRNAs into maternal
circulation via exosomes. Biology of reproduction. 2009;81 ( 4):717-29. Epub
2009/06/06.

[26] Redman CW, Tannetta DS, Dragovic RA, Gardiner C, Southcombe JH, Collett GP, et
al. Review: Does size matter? Placental debris and the pathophysiology of pre-
eclampsia. Placenta. 2012;33 Suppl:S48-54. Epub 2012/01/06.

[27] Hegmans JP, Bard MP, Hemmes A, Luider TM, Kleijmeer MJ, Prins JB, et al. Proteo‐
mic analysis of exosomes secreted by human mesothelioma cells. The American jour‐
nal of pathology. 2004;164 ( 5):1807-15. Epub 2004/04/28.

[28] Welton JL, Khanna S, Giles PJ, Brennan P, Brewis IA, Staffurth J, et al. Proteomics
analysis of bladder cancer exosomes. Molecular & cellular proteomics : MCP. 2010;9
( 6):1324-38. Epub 2010/03/13.

[29] Pisitkun T, Gandolfo MT, Das S, Knepper MA, Bagnasco SM. Application of systems
biology principles to protein biomarker discovery: Urinary exosomal proteome in re‐
nal transplantation. Proteomics Clinical applications. 2012;6 (5- 6):268-78. Epub
2012/05/30.

[30] Gonzales PA, Pisitkun T, Hoffert JD, Tchapyjnikov D, Star RA, Kleta R, et al. Large-
scale proteomics and phosphoproteomics of urinary exosomes. Journal of the Ameri‐
can Society of Nephrology : JASN. 2009;20 ( 2):363-79. Epub 2008/12/06.

[31] Li Y, Zhang Y, Qiu F, Qiu Z. Proteomic identification of exosomal LRG1: a potential
urinary biomarker for detecting NSCLC. Electrophoresis. 2011;32 (1 5):1976-83. Epub
2011/05/11.

[32] Zhang Y, Li Y, Qiu F, Qiu Z. Comprehensive analysis of low-abundance proteins in
human urinary exosomes using peptide ligand library technology, peptide OFFGEL
fractionation and nanoHPLC-chip-MS/MS. Electrophoresis. 2010;31 (23-2 4):3797-807.
Epub 2010/11/18.

[33] Laulagnier K, Motta C, Hamdi S, Roy S, Fauvelle F, Pageaux JF, et al. Mast cell- and
dendritic cell-derived exosomes display a specific lipid composition and an unusual

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

41



[8] Atay S, Gercel-Taylor C, Suttles J, Mor G, Taylor DD. Trophoblast-derived exosomes
mediate monocyte recruitment and differentiation. Am J Reprod Immunol. 2011;65
( 1):65-77. Epub 2010/06/22.

[9] Armitage JA, Poston L, Taylor PD. Developmental origins of obesity and the meta‐
bolic syndrome: the role of maternal obesity. Frontiers of hormone research.
2008;36:73-84. Epub 2008/01/31.

[10] Taylor DD, Gercel-Taylor C. Tumour-derived exosomes and their role in cancer-asso‐
ciated T-cell signalling defects. British journal of cancer. 2005;92 ( 2):305-11. Epub
2005/01/19.

[11] Simpson RJ, Jensen SS, Lim JW. Proteomic profiling of exosomes: current perspec‐
tives. Proteomics. 2008;8 (1 9):4083-99. Epub 2008/09/10.

[12] Mignot G, Roux S, Thery C, Segura E, Zitvogel L. Prospects for exosomes in immu‐
notherapy of cancer. Journal of cellular and molecular medicine. 2006;10 ( 2):376-88.
Epub 2006/06/27.

[13] Miranda KC, Bond DT, McKee M, Skog J, Paunescu TG, Da Silva N, et al. Nucleic
acids within urinary exosomes/microvesicles are potential biomarkers for renal dis‐
ease. Kidney international. 2010;78 ( 2):191-9. Epub 2010/04/30.

[14] Mincheva-Nilsson L, Baranov V. The role of placental exosomes in reproduction. Am
J Reprod Immunol. 2010;63 ( 6):520-33. Epub 2010/03/25.

[15] Keller S, Ridinger J, Rupp AK, Janssen JW, Altevogt P. Body fluid derived exosomes
as a novel template for clinical diagnostics. Journal of translational medicine.
2011;9:86. Epub 2011/06/10.

[16] Simons M, Raposo G. Exosomes--vesicular carriers for intercellular communication.
Current opinion in cell biology. 2009;21 ( 4):575-81. Epub 2009/05/16.

[17] Ludwig AK, Giebel B. Exosomes: small vesicles participating in intercellular commu‐
nication. The international journal of biochemistry & cell biology. 2012;44 ( 1):11-5.
Epub 2011/10/26.

[18] Wegner CS, Rodahl LM, Stenmark H. ESCRT proteins and cell signalling. Traffic.
2011;12 (1 0):1291-7. Epub 2011/04/27.

[19] Stuffers S, Sem Wegner C, Stenmark H, Brech A. Multivesicular endosome biogene‐
sis in the absence of ESCRTs. Traffic. 2009;10 ( 7):925-37. Epub 2009/06/06.

[20] Stuffers S, Brech A, Stenmark H. ESCRT proteins in physiology and disease. Experi‐
mental cell research. 2009;315 ( 9):1619-26. Epub 2008/11/18.

[21] Sabapatha A, Gercel-Taylor C, Taylor DD. Specific isolation of placenta-derived exo‐
somes from the circulation of pregnant women and their immunoregulatory conse‐
quences. Am J Reprod Immunol. 2006;56 (5- 6):345-55. Epub 2006/11/02.

Gestational Diabetes - Causes, Diagnosis and Treatment40

[22] Redman CW, Sargent IL. Circulating microparticles in normal pregnancy and pre-
eclampsia. Placenta. 2008;29 Suppl A:S73-7. Epub 2008/01/15.

[23] Orozco AF, Lewis DE. Flow cytometric analysis of circulating microparticles in plas‐
ma. Cytometry Part A : the journal of the International Society for Analytical Cytolo‐
gy. 2010;77 ( 6):502-14. Epub 2010/03/18.

[24] Atay S, Gercel-Taylor C, Taylor DD. Human trophoblast-derived exosomal fibronec‐
tin induces pro-inflammatory IL-1beta production by macrophages. Am J Reprod
Immunol. 2011;66 ( 4):259-69. Epub 2011/03/18.

[25] Luo SS, Ishibashi O, Ishikawa G, Ishikawa T, Katayama A, Mishima T, et al. Human
villous trophoblasts express and secrete placenta-specific microRNAs into maternal
circulation via exosomes. Biology of reproduction. 2009;81 ( 4):717-29. Epub
2009/06/06.

[26] Redman CW, Tannetta DS, Dragovic RA, Gardiner C, Southcombe JH, Collett GP, et
al. Review: Does size matter? Placental debris and the pathophysiology of pre-
eclampsia. Placenta. 2012;33 Suppl:S48-54. Epub 2012/01/06.

[27] Hegmans JP, Bard MP, Hemmes A, Luider TM, Kleijmeer MJ, Prins JB, et al. Proteo‐
mic analysis of exosomes secreted by human mesothelioma cells. The American jour‐
nal of pathology. 2004;164 ( 5):1807-15. Epub 2004/04/28.

[28] Welton JL, Khanna S, Giles PJ, Brennan P, Brewis IA, Staffurth J, et al. Proteomics
analysis of bladder cancer exosomes. Molecular & cellular proteomics : MCP. 2010;9
( 6):1324-38. Epub 2010/03/13.

[29] Pisitkun T, Gandolfo MT, Das S, Knepper MA, Bagnasco SM. Application of systems
biology principles to protein biomarker discovery: Urinary exosomal proteome in re‐
nal transplantation. Proteomics Clinical applications. 2012;6 (5- 6):268-78. Epub
2012/05/30.

[30] Gonzales PA, Pisitkun T, Hoffert JD, Tchapyjnikov D, Star RA, Kleta R, et al. Large-
scale proteomics and phosphoproteomics of urinary exosomes. Journal of the Ameri‐
can Society of Nephrology : JASN. 2009;20 ( 2):363-79. Epub 2008/12/06.

[31] Li Y, Zhang Y, Qiu F, Qiu Z. Proteomic identification of exosomal LRG1: a potential
urinary biomarker for detecting NSCLC. Electrophoresis. 2011;32 (1 5):1976-83. Epub
2011/05/11.

[32] Zhang Y, Li Y, Qiu F, Qiu Z. Comprehensive analysis of low-abundance proteins in
human urinary exosomes using peptide ligand library technology, peptide OFFGEL
fractionation and nanoHPLC-chip-MS/MS. Electrophoresis. 2010;31 (23-2 4):3797-807.
Epub 2010/11/18.

[33] Laulagnier K, Motta C, Hamdi S, Roy S, Fauvelle F, Pageaux JF, et al. Mast cell- and
dendritic cell-derived exosomes display a specific lipid composition and an unusual

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

41



membrane organization. The Biochemical journal. 2004;380(Pt 1):161-71. Epub
2004/02/18.

[34] Wubbolts R, Leckie RS, Veenhuizen PT, Schwarzmann G, Mobius W, Hoernschemey‐
er J, et al. Proteomic and biochemical analyses of human B cell-derived exosomes.
Potential implications for their function and multivesicular body formation. The
Journal of biological chemistry. 2003;278 (1 3):10963-72. Epub 2003/01/10.

[35] Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: from biogenesis and secre‐
tion to biological function. Immunology letters. 2006;107 ( 2):102-8. Epub 2006/10/28.

[36] Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ, et al.
B lymphocytes secrete antigen-presenting vesicles. The Journal of experimental med‐
icine. 1996;183 ( 3):1161-72. Epub 1996/03/01.

[37] Denzer K, van Eijk M, Kleijmeer MJ, Jakobson E, de Groot C, Geuze HJ. Follicular
dendritic cells carry MHC class II-expressing microvesicles at their surface. J Immu‐
nol. 2000;165 ( 3):1259-65. Epub 2000/07/21.

[38] Clayton A, Court J, Navabi H, Adams M, Mason MD, Hobot JA, et al. Analysis of an‐
tigen presenting cell derived exosomes, based on immuno-magnetic isolation and
flow cytometry. Journal of immunological methods. 2001;247 (1- 2):163-74. Epub
2001/01/11.

[39] Laulagnier K, Vincent-Schneider H, Hamdi S, Subra C, Lankar D, Record M. Charac‐
terization of exosome subpopulations from RBL-2H3 cells using fluorescent lipids.
Blood cells, molecules & diseases. 2005;35 ( 2):116-21. Epub 2005/07/19.

[40] Denzer K, Kleijmeer MJ, Heijnen HF, Stoorvogel W, Geuze HJ. Exosome: from inter‐
nal vesicle of the multivesicular body to intercellular signaling device. Journal of cell
science. 2000;113 Pt 19:3365-74. Epub 2000/09/14.

[41] Mathivanan S, Fahner CJ, Reid GE, Simpson RJ. ExoCarta 2012: database of exosomal
proteins, RNA and lipids. Nucleic acids research. 2012;40(Database issue):D1241-4.
Epub 2011/10/13.

[42] Tauro BJ, Greening DW, Mathias RA, Ji H, Mathivanan S, Scott AM, et al. Compari‐
son of ultracentrifugation, density gradient separation, and immunoaffinity capture
methods for isolating human colon cancer cell line LIM1863-derived exosomes.
Methods. 2012;56 ( 2):293-304. Epub 2012/01/31.

[43] Taylor DD, Zacharias W, Gercel-Taylor C. Exosome isolation for proteomic analyses
and RNA profiling. Methods Mol Biol. 2011;728:235-46. Epub 2011/04/07.

[44] Taylor DD, Akyol S, Gercel-Taylor C. Pregnancy-associated exosomes and their
modulation of T cell signaling. J Immunol. 2006;176 ( 3):1534-42. Epub 2006/01/21.

[45] Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of exo‐
somes from cell culture supernatants and biological fluids. Current protocols in cell

Gestational Diabetes - Causes, Diagnosis and Treatment42

biology / editorial board, Juan S Bonifacino (et al). 2006;Chapter 3:Unit 3 22. Epub
2008/01/30.

[46] Yamada T, Inoshima Y, Matsuda T, Ishiguro N. Comparison of Methods for Isolating
Exosomes from Bovine Milk. The Journal of veterinary medical science / the Japanese
Society of Veterinary Science. 2012. Epub 2012/07/13.

[47] Deatherage BL, Cookson BT. Membrane vesicle release in bacteria, eukaryotes, and
archaea: a conserved yet underappreciated aspect of microbial life. Infection and im‐
munity. 2012;80 ( 6):1948-57. Epub 2012/03/14.

[48] Southcombe J, Tannetta D, Redman C, Sargent I. The immunomodulatory role of
syncytiotrophoblast microvesicles. PloS one. 2011;6 ( 5):e20245. Epub 2011/06/03.

[49] Bobrie A, Colombo M, Raposo G, Thery C. Exosome secretion: molecular mecha‐
nisms and roles in immune responses. Traffic. 2011;12 (1 2):1659-68. Epub 2011/06/08.

[50] Ambros V. The functions of animal microRNAs. Nature. 2004;431 (700 6):350-5. Epub
2004/09/17.

[51] Zhang HC, Liu XB, Huang S, Bi XY, Wang HX, Xie LX, et al. Microvesicles derived
from human umbilical cord mesenchymal stem cells stimulated by hypoxia promote
angiogenesis both in vitro and in vivo. Stem cells and development. 2012. Epub
2012/07/31.

[52] Zhang HG, Zhuang X, Sun D, Liu Y, Xiang X, Grizzle WE. Exosomes and immune
surveillance of neoplastic lesions: a review. Biotechnic & histochemistry : official
publication of the Biological Stain Commission. 2012;87 ( 3):161-8. Epub 2012/01/06.

[53] Mincheva-Nilsson L, Nagaeva O, Chen T, Stendahl U, Antsiferova J, Mogren I, et al.
Placenta-derived soluble MHC class I chain-related molecules down-regulate
NKG2D receptor on peripheral blood mononuclear cells during human pregnancy: a
possible novel immune escape mechanism for fetal survival. J Immunol. 2006;176
( 6):3585-92. Epub 2006/03/07.

[54] Lotvall J, Valadi H. Cell to cell signalling via exosomes through esRNA. Cell adhe‐
sion & migration. 2007;1 ( 3):156-8. Epub 2007/07/01.

[55] Vrijsen KR, Sluijter JP, Schuchardt MW, van Balkom BW, Noort WA, Chamuleau SA,
et al. Cardiomyocyte progenitor cell-derived exosomes stimulate migration of endo‐
thelial cells. Journal of cellular and molecular medicine. 2010;14 ( 5):1064-70. Epub
2010/05/15.

[56] Breving K, Esquela-Kerscher A. The complexities of microRNA regulation: mirander‐
ing around the rules. The international journal of biochemistry & cell biology.
2010;42 ( 8):1316-29. Epub 2009/10/06.

[57] Rottiers V, Naar AM. MicroRNAs in metabolism and metabolic disorders. Nature re‐
views Molecular cell biology. 2012;13 ( 4):239-50. Epub 2012/03/23.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

43



membrane organization. The Biochemical journal. 2004;380(Pt 1):161-71. Epub
2004/02/18.

[34] Wubbolts R, Leckie RS, Veenhuizen PT, Schwarzmann G, Mobius W, Hoernschemey‐
er J, et al. Proteomic and biochemical analyses of human B cell-derived exosomes.
Potential implications for their function and multivesicular body formation. The
Journal of biological chemistry. 2003;278 (1 3):10963-72. Epub 2003/01/10.

[35] Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: from biogenesis and secre‐
tion to biological function. Immunology letters. 2006;107 ( 2):102-8. Epub 2006/10/28.

[36] Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ, et al.
B lymphocytes secrete antigen-presenting vesicles. The Journal of experimental med‐
icine. 1996;183 ( 3):1161-72. Epub 1996/03/01.

[37] Denzer K, van Eijk M, Kleijmeer MJ, Jakobson E, de Groot C, Geuze HJ. Follicular
dendritic cells carry MHC class II-expressing microvesicles at their surface. J Immu‐
nol. 2000;165 ( 3):1259-65. Epub 2000/07/21.

[38] Clayton A, Court J, Navabi H, Adams M, Mason MD, Hobot JA, et al. Analysis of an‐
tigen presenting cell derived exosomes, based on immuno-magnetic isolation and
flow cytometry. Journal of immunological methods. 2001;247 (1- 2):163-74. Epub
2001/01/11.

[39] Laulagnier K, Vincent-Schneider H, Hamdi S, Subra C, Lankar D, Record M. Charac‐
terization of exosome subpopulations from RBL-2H3 cells using fluorescent lipids.
Blood cells, molecules & diseases. 2005;35 ( 2):116-21. Epub 2005/07/19.

[40] Denzer K, Kleijmeer MJ, Heijnen HF, Stoorvogel W, Geuze HJ. Exosome: from inter‐
nal vesicle of the multivesicular body to intercellular signaling device. Journal of cell
science. 2000;113 Pt 19:3365-74. Epub 2000/09/14.

[41] Mathivanan S, Fahner CJ, Reid GE, Simpson RJ. ExoCarta 2012: database of exosomal
proteins, RNA and lipids. Nucleic acids research. 2012;40(Database issue):D1241-4.
Epub 2011/10/13.

[42] Tauro BJ, Greening DW, Mathias RA, Ji H, Mathivanan S, Scott AM, et al. Compari‐
son of ultracentrifugation, density gradient separation, and immunoaffinity capture
methods for isolating human colon cancer cell line LIM1863-derived exosomes.
Methods. 2012;56 ( 2):293-304. Epub 2012/01/31.

[43] Taylor DD, Zacharias W, Gercel-Taylor C. Exosome isolation for proteomic analyses
and RNA profiling. Methods Mol Biol. 2011;728:235-46. Epub 2011/04/07.

[44] Taylor DD, Akyol S, Gercel-Taylor C. Pregnancy-associated exosomes and their
modulation of T cell signaling. J Immunol. 2006;176 ( 3):1534-42. Epub 2006/01/21.

[45] Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of exo‐
somes from cell culture supernatants and biological fluids. Current protocols in cell

Gestational Diabetes - Causes, Diagnosis and Treatment42

biology / editorial board, Juan S Bonifacino (et al). 2006;Chapter 3:Unit 3 22. Epub
2008/01/30.

[46] Yamada T, Inoshima Y, Matsuda T, Ishiguro N. Comparison of Methods for Isolating
Exosomes from Bovine Milk. The Journal of veterinary medical science / the Japanese
Society of Veterinary Science. 2012. Epub 2012/07/13.

[47] Deatherage BL, Cookson BT. Membrane vesicle release in bacteria, eukaryotes, and
archaea: a conserved yet underappreciated aspect of microbial life. Infection and im‐
munity. 2012;80 ( 6):1948-57. Epub 2012/03/14.

[48] Southcombe J, Tannetta D, Redman C, Sargent I. The immunomodulatory role of
syncytiotrophoblast microvesicles. PloS one. 2011;6 ( 5):e20245. Epub 2011/06/03.

[49] Bobrie A, Colombo M, Raposo G, Thery C. Exosome secretion: molecular mecha‐
nisms and roles in immune responses. Traffic. 2011;12 (1 2):1659-68. Epub 2011/06/08.

[50] Ambros V. The functions of animal microRNAs. Nature. 2004;431 (700 6):350-5. Epub
2004/09/17.

[51] Zhang HC, Liu XB, Huang S, Bi XY, Wang HX, Xie LX, et al. Microvesicles derived
from human umbilical cord mesenchymal stem cells stimulated by hypoxia promote
angiogenesis both in vitro and in vivo. Stem cells and development. 2012. Epub
2012/07/31.

[52] Zhang HG, Zhuang X, Sun D, Liu Y, Xiang X, Grizzle WE. Exosomes and immune
surveillance of neoplastic lesions: a review. Biotechnic & histochemistry : official
publication of the Biological Stain Commission. 2012;87 ( 3):161-8. Epub 2012/01/06.

[53] Mincheva-Nilsson L, Nagaeva O, Chen T, Stendahl U, Antsiferova J, Mogren I, et al.
Placenta-derived soluble MHC class I chain-related molecules down-regulate
NKG2D receptor on peripheral blood mononuclear cells during human pregnancy: a
possible novel immune escape mechanism for fetal survival. J Immunol. 2006;176
( 6):3585-92. Epub 2006/03/07.

[54] Lotvall J, Valadi H. Cell to cell signalling via exosomes through esRNA. Cell adhe‐
sion & migration. 2007;1 ( 3):156-8. Epub 2007/07/01.

[55] Vrijsen KR, Sluijter JP, Schuchardt MW, van Balkom BW, Noort WA, Chamuleau SA,
et al. Cardiomyocyte progenitor cell-derived exosomes stimulate migration of endo‐
thelial cells. Journal of cellular and molecular medicine. 2010;14 ( 5):1064-70. Epub
2010/05/15.

[56] Breving K, Esquela-Kerscher A. The complexities of microRNA regulation: mirander‐
ing around the rules. The international journal of biochemistry & cell biology.
2010;42 ( 8):1316-29. Epub 2009/10/06.

[57] Rottiers V, Naar AM. MicroRNAs in metabolism and metabolic disorders. Nature re‐
views Molecular cell biology. 2012;13 ( 4):239-50. Epub 2012/03/23.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

43



[58] Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald PE, et al. A pancre‐
atic islet-specific microRNA regulates insulin secretion. Nature. 2004;432 (701 4):
226-30. Epub 2004/11/13.

[59] Guay C, Roggli E, Nesca V, Jacovetti C, Regazzi R. Diabetes mellitus, a microRNA-
related disease? Translational research : the journal of laboratory and clinical medi‐
cine. 2011;157 ( 4):253-64. Epub 2011/03/23.

[60] Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi M, et al. Plasma micro‐
RNA profiling reveals loss of endothelial miR-126 and other microRNAs in type 2
diabetes. Circulation research. 2010;107 ( 6):810-7. Epub 2010/07/24.

[61] Costa SL, Proctor L, Dodd JM, Toal M, Okun N, Johnson JA, et al. Screening for pla‐
cental insufficiency in high-risk pregnancies: is earlier better? Placenta. 2008;29 (1 2):
1034-40. Epub 2008/10/22.

[62] Cartwright JE, Fraser R, Leslie K, Wallace AE, James JL. Remodelling at the maternal-
fetal interface: relevance to human pregnancy disorders. Reproduction. 2010;140 ( 6):
803-13. Epub 2010/09/15.

[63] Sobrevia L, Abarzua F, Nien JK, Salomon C, Westermeier F, Puebla C, et al. Review:
Differential placental macrovascular and microvascular endothelial dysfunction in
gestational diabetes. Placenta. 2011;32 Suppl 2:S159-64. Epub 2011/01/11.

[64] Cetkovic A, Miljic D, Ljubic A, Patterson M, Ghatei M, Stamenkovic J, et al. Plasma
kisspeptin levels in pregnancies with diabetes and hypertensive disease as a poten‐
tial marker of placental dysfunction and adverse perinatal outcome. Endocrine re‐
search. 2012;37 ( 2):78-88. Epub 2012/04/12.

[65] Taylor DD, Gercel-Taylor C. Exosomes/microvesicles: mediators of cancer-associated
immunosuppressive microenvironments. Seminars in immunopathology. 2011;33
( 5):441-54. Epub 2011/06/21.

[66] Chim SS, Shing TK, Hung EC, Leung TY, Lau TK, Chiu RW, et al. Detection and
characterization of placental microRNAs in maternal plasma. Clinical chemistry.
2008;54 ( 3):482-90. Epub 2008/01/26.

[67] Miura K, Miura S, Yamasaki K, Higashijima A, Kinoshita A, Yoshiura K, et al. Identi‐
fication of pregnancy-associated microRNAs in maternal plasma. Clinical chemistry.
2010;56 (1 1):1767-71. Epub 2010/08/24.

[68] Zhang Y, Fei M, Xue G, Zhou Q, Jia Y, Li L, et al. Elevated levels of hypoxia-induci‐
ble microRNA-210 in pre-eclampsia: new insights into molecular mechanisms for the
disease. Journal of cellular and molecular medicine. 2012;16 ( 2):249-59. Epub
2011/03/11.

[69] Bullerdiek J, Flor I. Exosome-delivered microRNAs of "chromosome 19 microRNA
cluster" as immunomodulators in pregnancy and tumorigenesis. Molecular cytoge‐
netics. 2012;5 ( 1):27. Epub 2012/05/09.

Gestational Diabetes - Causes, Diagnosis and Treatment44

[70] Zhao C, Dong J, Jiang T, Shi Z, Yu B, Zhu Y, et al. Early second-trimester serum miR‐
NA profiling predicts gestational diabetes mellitus. PloS one. 2011;6 ( 8):e23925. Epub
2011/09/03.

[71] Donker RB, Mouillet JF, Chu T, Hubel CA, Stolz DB, Morelli AE, et al. The expression
profile of C19MC microRNAs in primary human trophoblast cells and exosomes.
Molecular human reproduction. 2012;18 ( 8):417-24. Epub 2012/03/03.

[72] Knight AM. Regulated release of B cell-derived exosomes: do differences in exosome
release provide insight into different APC function for B cells and DC? European
journal of immunology. 2008;38 ( 5):1186-9. Epub 2008/04/22.

[73] Soo CY, Song Y, Zheng Y, Campbell EC, Riches AC, Gunn-Moore F, et al. Nanoparti‐
cle tracking analysis monitors microvesicle and exosome secretion from immune
cells. Immunology. 2012;136 ( 2):192-7. Epub 2012/02/22.

[74] Deng ZB, Poliakov A, Hardy RW, Clements R, Liu C, Liu Y, et al. Adipose tissue exo‐
some-like vesicles mediate activation of macrophage-induced insulin resistance. Dia‐
betes. 2009;58 (1 1):2498-505. Epub 2009/08/14.

[75] Sheng H, Hassanali S, Nugent C, Wen L, Hamilton-Williams E, Dias P, et al. Insuli‐
noma-released exosomes or microparticles are immunostimulatory and can activate
autoreactive T cells spontaneously developed in nonobese diabetic mice. J Immunol.
2011;187 ( 4):1591-600. Epub 2011/07/08.

[76] Boisvert MR, Koski KG, Skinner CD. Increased oxidative modifications of amniotic
fluid albumin in pregnancies associated with gestational diabetes mellitus. Analyti‐
cal chemistry. 2010;82 ( 3):1133-7. Epub 2010/01/13.

[77] Salem AH, Nosseir NS, El Badawi MG, Shoair MI, Fadel RA. Growth assessment of
diabetic rat fetuses under the influence of insulin and melatonin: a morphologic
study. Anthropologischer Anzeiger; Bericht uber die biologisch-anthropologische
Literatur. 2010;68 ( 2):129-38. Epub 2010/01/01.

[78] Georgiou HM, Lappas M, Georgiou GM, Marita A, Bryant VJ, Hiscock R, et al.
Screening for biomarkers predictive of gestational diabetes mellitus. Acta diabetolog‐
ica. 2008;45 ( 3):157-65. Epub 2008/05/23.

[79] Metzger BE, Lowe LP, Dyer AR, Trimble ER, Chaovarindr U, Coustan DR, et al. Hy‐
perglycemia and adverse pregnancy outcomes. The New England journal of medi‐
cine. 2008;358 (1 9):1991-2002. Epub 2008/05/09.

[80] Lindsay RS. Many HAPO returns: maternal glycemia and neonatal adiposity: new
insights from the Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) study.
Diabetes. 2009;58 ( 2):302-3. Epub 2009/01/28.

[81] Biri A, Onan A, Devrim E, Babacan F, Kavutcu M, Durak I. Oxidant status in mater‐
nal and cord plasma and placental tissue in gestational diabetes. Placenta. 2006;27 (2-
3):327-32. Epub 2005/12/13.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

45



[58] Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald PE, et al. A pancre‐
atic islet-specific microRNA regulates insulin secretion. Nature. 2004;432 (701 4):
226-30. Epub 2004/11/13.

[59] Guay C, Roggli E, Nesca V, Jacovetti C, Regazzi R. Diabetes mellitus, a microRNA-
related disease? Translational research : the journal of laboratory and clinical medi‐
cine. 2011;157 ( 4):253-64. Epub 2011/03/23.

[60] Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi M, et al. Plasma micro‐
RNA profiling reveals loss of endothelial miR-126 and other microRNAs in type 2
diabetes. Circulation research. 2010;107 ( 6):810-7. Epub 2010/07/24.

[61] Costa SL, Proctor L, Dodd JM, Toal M, Okun N, Johnson JA, et al. Screening for pla‐
cental insufficiency in high-risk pregnancies: is earlier better? Placenta. 2008;29 (1 2):
1034-40. Epub 2008/10/22.

[62] Cartwright JE, Fraser R, Leslie K, Wallace AE, James JL. Remodelling at the maternal-
fetal interface: relevance to human pregnancy disorders. Reproduction. 2010;140 ( 6):
803-13. Epub 2010/09/15.

[63] Sobrevia L, Abarzua F, Nien JK, Salomon C, Westermeier F, Puebla C, et al. Review:
Differential placental macrovascular and microvascular endothelial dysfunction in
gestational diabetes. Placenta. 2011;32 Suppl 2:S159-64. Epub 2011/01/11.

[64] Cetkovic A, Miljic D, Ljubic A, Patterson M, Ghatei M, Stamenkovic J, et al. Plasma
kisspeptin levels in pregnancies with diabetes and hypertensive disease as a poten‐
tial marker of placental dysfunction and adverse perinatal outcome. Endocrine re‐
search. 2012;37 ( 2):78-88. Epub 2012/04/12.

[65] Taylor DD, Gercel-Taylor C. Exosomes/microvesicles: mediators of cancer-associated
immunosuppressive microenvironments. Seminars in immunopathology. 2011;33
( 5):441-54. Epub 2011/06/21.

[66] Chim SS, Shing TK, Hung EC, Leung TY, Lau TK, Chiu RW, et al. Detection and
characterization of placental microRNAs in maternal plasma. Clinical chemistry.
2008;54 ( 3):482-90. Epub 2008/01/26.

[67] Miura K, Miura S, Yamasaki K, Higashijima A, Kinoshita A, Yoshiura K, et al. Identi‐
fication of pregnancy-associated microRNAs in maternal plasma. Clinical chemistry.
2010;56 (1 1):1767-71. Epub 2010/08/24.

[68] Zhang Y, Fei M, Xue G, Zhou Q, Jia Y, Li L, et al. Elevated levels of hypoxia-induci‐
ble microRNA-210 in pre-eclampsia: new insights into molecular mechanisms for the
disease. Journal of cellular and molecular medicine. 2012;16 ( 2):249-59. Epub
2011/03/11.

[69] Bullerdiek J, Flor I. Exosome-delivered microRNAs of "chromosome 19 microRNA
cluster" as immunomodulators in pregnancy and tumorigenesis. Molecular cytoge‐
netics. 2012;5 ( 1):27. Epub 2012/05/09.

Gestational Diabetes - Causes, Diagnosis and Treatment44

[70] Zhao C, Dong J, Jiang T, Shi Z, Yu B, Zhu Y, et al. Early second-trimester serum miR‐
NA profiling predicts gestational diabetes mellitus. PloS one. 2011;6 ( 8):e23925. Epub
2011/09/03.

[71] Donker RB, Mouillet JF, Chu T, Hubel CA, Stolz DB, Morelli AE, et al. The expression
profile of C19MC microRNAs in primary human trophoblast cells and exosomes.
Molecular human reproduction. 2012;18 ( 8):417-24. Epub 2012/03/03.

[72] Knight AM. Regulated release of B cell-derived exosomes: do differences in exosome
release provide insight into different APC function for B cells and DC? European
journal of immunology. 2008;38 ( 5):1186-9. Epub 2008/04/22.

[73] Soo CY, Song Y, Zheng Y, Campbell EC, Riches AC, Gunn-Moore F, et al. Nanoparti‐
cle tracking analysis monitors microvesicle and exosome secretion from immune
cells. Immunology. 2012;136 ( 2):192-7. Epub 2012/02/22.

[74] Deng ZB, Poliakov A, Hardy RW, Clements R, Liu C, Liu Y, et al. Adipose tissue exo‐
some-like vesicles mediate activation of macrophage-induced insulin resistance. Dia‐
betes. 2009;58 (1 1):2498-505. Epub 2009/08/14.

[75] Sheng H, Hassanali S, Nugent C, Wen L, Hamilton-Williams E, Dias P, et al. Insuli‐
noma-released exosomes or microparticles are immunostimulatory and can activate
autoreactive T cells spontaneously developed in nonobese diabetic mice. J Immunol.
2011;187 ( 4):1591-600. Epub 2011/07/08.

[76] Boisvert MR, Koski KG, Skinner CD. Increased oxidative modifications of amniotic
fluid albumin in pregnancies associated with gestational diabetes mellitus. Analyti‐
cal chemistry. 2010;82 ( 3):1133-7. Epub 2010/01/13.

[77] Salem AH, Nosseir NS, El Badawi MG, Shoair MI, Fadel RA. Growth assessment of
diabetic rat fetuses under the influence of insulin and melatonin: a morphologic
study. Anthropologischer Anzeiger; Bericht uber die biologisch-anthropologische
Literatur. 2010;68 ( 2):129-38. Epub 2010/01/01.

[78] Georgiou HM, Lappas M, Georgiou GM, Marita A, Bryant VJ, Hiscock R, et al.
Screening for biomarkers predictive of gestational diabetes mellitus. Acta diabetolog‐
ica. 2008;45 ( 3):157-65. Epub 2008/05/23.

[79] Metzger BE, Lowe LP, Dyer AR, Trimble ER, Chaovarindr U, Coustan DR, et al. Hy‐
perglycemia and adverse pregnancy outcomes. The New England journal of medi‐
cine. 2008;358 (1 9):1991-2002. Epub 2008/05/09.

[80] Lindsay RS. Many HAPO returns: maternal glycemia and neonatal adiposity: new
insights from the Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) study.
Diabetes. 2009;58 ( 2):302-3. Epub 2009/01/28.

[81] Biri A, Onan A, Devrim E, Babacan F, Kavutcu M, Durak I. Oxidant status in mater‐
nal and cord plasma and placental tissue in gestational diabetes. Placenta. 2006;27 (2-
3):327-32. Epub 2005/12/13.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

45



[82] Desoye G, Hauguel-de Mouzon S. The human placenta in gestational diabetes melli‐
tus. The insulin and cytokine network. Diabetes care. 2007;30 Suppl 2:S120-6. Epub
2008/02/27.

[83] Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as di‐
agnostic biomarkers of ovarian cancer. Gynecologic oncology. 2008;110 ( 1):13-21.
Epub 2008/07/01.

[84] Hedlund M, Nagaeva O, Kargl D, Baranov V, Mincheva-Nilsson L. Thermal- and ox‐
idative stress causes enhanced release of NKG2D ligand-bearing immunosuppres‐
sive exosomes in leukemia/lymphoma T and B cells. PloS one. 2011;6 ( 2):e16899.
Epub 2011/03/03.

[85] Aoki N, Jin-no S, Nakagawa Y, Asai N, Arakawa E, Tamura N, et al. Identification
and characterization of microvesicles secreted by 3T3-L1 adipocytes: redox- and hor‐
mone-dependent induction of milk fat globule-epidermal growth factor 8-associated
microvesicles. Endocrinology. 2007;148 ( 8):3850-62. Epub 2007/05/05.

[86] Soderberg A, Barral AM, Soderstrom M, Sander B, Rosen A. Redox-signaling trans‐
mitted in trans to neighboring cells by melanoma-derived TNF-containing exosomes.
Free radical biology & medicine. 2007;43 ( 1):90-9. Epub 2007/06/15.

[87] Eldh M, Ekstrom K, Valadi H, Sjostrand M, Olsson B, Jernas M, et al. Exosomes com‐
municate protective messages during oxidative stress; possible role of exosomal
shuttle RNA. PloS one. 2010;5 (1 2):e15353. Epub 2010/12/24.

[88] Barker DJ. In utero programming of cardiovascular disease. Theriogenology. 2000;53
( 2):555-74. Epub 2000/03/29.

[89] Barker DJ. The origins of the developmental origins theory. Journal of internal medi‐
cine. 2007;261 ( 5):412-7. Epub 2007/04/21.

[90] Barker DJ, Gelow J, Thornburg K, Osmond C, Kajantie E, Eriksson JG. The early ori‐
gins of chronic heart failure: impaired placental growth and initiation of insulin re‐
sistance in childhood. European journal of heart failure. 2010;12 ( 8):819-25. Epub
2010/05/28.

[91] Ehrlich SF, Crites YM, Hedderson MM, Darbinian JA, Ferrara A. The risk of large for
gestational age across increasing categories of pregnancy glycemia. American journal
of obstetrics and gynecology. 2011;204 ( 3):240 e1-6. Epub 2011/01/21.

[92] Rabinowits G, Gercel-Taylor C, Day JM, Taylor DD, Kloecker GH. Exosomal micro‐
RNA: a diagnostic marker for lung cancer. Clinical lung cancer. 2009;10 ( 1):42-6.
Epub 2009/03/18.

[93] Roberson CD, Atay S, Gercel-Taylor C, Taylor DD. Tumor-derived exosomes as me‐
diators of disease and potential diagnostic biomarkers. Cancer biomarkers : section A
of Disease markers. 2010;8 (4- 5):281-91. Epub 2010/01/01.

Gestational Diabetes - Causes, Diagnosis and Treatment46

[94] Gonzales PA, Zhou H, Pisitkun T, Wang NS, Star RA, Knepper MA, et al. Isolation
and purification of exosomes in urine. Methods Mol Biol. 2010;641:89-99. Epub
2010/04/22.

[95] Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of microRNAs in
serum: a novel class of biomarkers for diagnosis of cancer and other diseases. Cell
research. 2008;18 (1 0):997-1006. Epub 2008/09/04.

[96] Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et
al. Circulating microRNAs as stable blood-based markers for cancer detection. Pro‐
ceedings of the National Academy of Sciences of the United States of America.
2008;105 (3 0):10513-8. Epub 2008/07/30.

[97] Gilad S, Meiri E, Yogev Y, Benjamin S, Lebanony D, Yerushalmi N, et al. Serum mi‐
croRNAs are promising novel biomarkers. PloS one. 2008;3 ( 9):e3148. Epub
2008/09/06.

[98] Nilsson J, Skog J, Nordstrand A, Baranov V, Mincheva-Nilsson L, Breakefield XO, et
al. Prostate cancer-derived urine exosomes: a novel approach to biomarkers for pros‐
tate cancer. British journal of cancer. 2009;100 (1 0):1603-7. Epub 2009/04/30.

[99] Keller S, Rupp C, Stoeck A, Runz S, Fogel M, Lugert S, et al. CD24 is a marker of exo‐
somes secreted into urine and amniotic fluid. Kidney international. 2007;72 ( 9):
1095-102. Epub 2007/08/19.

[100] Biancone L, Bruno S, Deregibus MC, Tetta C, Camussi G. Therapeutic potential of
mesenchymal stem cell-derived microvesicles. Nephrology, dialysis, transplantation :
official publication of the European Dialysis and Transplant Association - European
Renal Association. 2012;27 ( 8):3037-42. Epub 2012/08/02.

[101] Gatti S, Bruno S, Deregibus MC, Sordi A, Cantaluppi V, Tetta C, et al. Microvesicles
derived from human adult mesenchymal stem cells protect against ischaemia-reper‐
fusion-induced acute and chronic kidney injury. Nephrology, dialysis, transplanta‐
tion : official publication of the European Dialysis and Transplant Association -
European Renal Association. 2011;26 ( 5):1474-83. Epub 2011/02/18.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

47



[82] Desoye G, Hauguel-de Mouzon S. The human placenta in gestational diabetes melli‐
tus. The insulin and cytokine network. Diabetes care. 2007;30 Suppl 2:S120-6. Epub
2008/02/27.

[83] Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as di‐
agnostic biomarkers of ovarian cancer. Gynecologic oncology. 2008;110 ( 1):13-21.
Epub 2008/07/01.

[84] Hedlund M, Nagaeva O, Kargl D, Baranov V, Mincheva-Nilsson L. Thermal- and ox‐
idative stress causes enhanced release of NKG2D ligand-bearing immunosuppres‐
sive exosomes in leukemia/lymphoma T and B cells. PloS one. 2011;6 ( 2):e16899.
Epub 2011/03/03.

[85] Aoki N, Jin-no S, Nakagawa Y, Asai N, Arakawa E, Tamura N, et al. Identification
and characterization of microvesicles secreted by 3T3-L1 adipocytes: redox- and hor‐
mone-dependent induction of milk fat globule-epidermal growth factor 8-associated
microvesicles. Endocrinology. 2007;148 ( 8):3850-62. Epub 2007/05/05.

[86] Soderberg A, Barral AM, Soderstrom M, Sander B, Rosen A. Redox-signaling trans‐
mitted in trans to neighboring cells by melanoma-derived TNF-containing exosomes.
Free radical biology & medicine. 2007;43 ( 1):90-9. Epub 2007/06/15.

[87] Eldh M, Ekstrom K, Valadi H, Sjostrand M, Olsson B, Jernas M, et al. Exosomes com‐
municate protective messages during oxidative stress; possible role of exosomal
shuttle RNA. PloS one. 2010;5 (1 2):e15353. Epub 2010/12/24.

[88] Barker DJ. In utero programming of cardiovascular disease. Theriogenology. 2000;53
( 2):555-74. Epub 2000/03/29.

[89] Barker DJ. The origins of the developmental origins theory. Journal of internal medi‐
cine. 2007;261 ( 5):412-7. Epub 2007/04/21.

[90] Barker DJ, Gelow J, Thornburg K, Osmond C, Kajantie E, Eriksson JG. The early ori‐
gins of chronic heart failure: impaired placental growth and initiation of insulin re‐
sistance in childhood. European journal of heart failure. 2010;12 ( 8):819-25. Epub
2010/05/28.

[91] Ehrlich SF, Crites YM, Hedderson MM, Darbinian JA, Ferrara A. The risk of large for
gestational age across increasing categories of pregnancy glycemia. American journal
of obstetrics and gynecology. 2011;204 ( 3):240 e1-6. Epub 2011/01/21.

[92] Rabinowits G, Gercel-Taylor C, Day JM, Taylor DD, Kloecker GH. Exosomal micro‐
RNA: a diagnostic marker for lung cancer. Clinical lung cancer. 2009;10 ( 1):42-6.
Epub 2009/03/18.

[93] Roberson CD, Atay S, Gercel-Taylor C, Taylor DD. Tumor-derived exosomes as me‐
diators of disease and potential diagnostic biomarkers. Cancer biomarkers : section A
of Disease markers. 2010;8 (4- 5):281-91. Epub 2010/01/01.

Gestational Diabetes - Causes, Diagnosis and Treatment46

[94] Gonzales PA, Zhou H, Pisitkun T, Wang NS, Star RA, Knepper MA, et al. Isolation
and purification of exosomes in urine. Methods Mol Biol. 2010;641:89-99. Epub
2010/04/22.

[95] Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of microRNAs in
serum: a novel class of biomarkers for diagnosis of cancer and other diseases. Cell
research. 2008;18 (1 0):997-1006. Epub 2008/09/04.

[96] Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et
al. Circulating microRNAs as stable blood-based markers for cancer detection. Pro‐
ceedings of the National Academy of Sciences of the United States of America.
2008;105 (3 0):10513-8. Epub 2008/07/30.

[97] Gilad S, Meiri E, Yogev Y, Benjamin S, Lebanony D, Yerushalmi N, et al. Serum mi‐
croRNAs are promising novel biomarkers. PloS one. 2008;3 ( 9):e3148. Epub
2008/09/06.

[98] Nilsson J, Skog J, Nordstrand A, Baranov V, Mincheva-Nilsson L, Breakefield XO, et
al. Prostate cancer-derived urine exosomes: a novel approach to biomarkers for pros‐
tate cancer. British journal of cancer. 2009;100 (1 0):1603-7. Epub 2009/04/30.

[99] Keller S, Rupp C, Stoeck A, Runz S, Fogel M, Lugert S, et al. CD24 is a marker of exo‐
somes secreted into urine and amniotic fluid. Kidney international. 2007;72 ( 9):
1095-102. Epub 2007/08/19.

[100] Biancone L, Bruno S, Deregibus MC, Tetta C, Camussi G. Therapeutic potential of
mesenchymal stem cell-derived microvesicles. Nephrology, dialysis, transplantation :
official publication of the European Dialysis and Transplant Association - European
Renal Association. 2012;27 ( 8):3037-42. Epub 2012/08/02.

[101] Gatti S, Bruno S, Deregibus MC, Sordi A, Cantaluppi V, Tetta C, et al. Microvesicles
derived from human adult mesenchymal stem cells protect against ischaemia-reper‐
fusion-induced acute and chronic kidney injury. Nephrology, dialysis, transplanta‐
tion : official publication of the European Dialysis and Transplant Association -
European Renal Association. 2011;26 ( 5):1474-83. Epub 2011/02/18.

The Role of Placental Exosomes in Gestational Diabetes Mellitus
http://dx.doi.org/10.5772/55298

47



Chapter 4

The Adenosine–Insulin Signaling Axis in the
Fetoplacental Endothelial Dysfunction in Gestational
Diabetes

Enrique Guzmán-Gutiérrez, Pablo Arroyo,
Fabián Pardo, Andrea Leiva and Luis Sobrevia

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55627

1. Introduction

Gestational diabetes (GD) is a syndrome associated with maternal hyperglycaemia and
defective insulin signaling in the placenta (Metzger et al., 2007; Colomiere et al., 2009; ADA
2012). GD have been associated with abnormal fetal development and perinatal complications
such as macrosomia, neonatal hypoglicaemia, and neurological disorders (Nold & Georgieff,
2004; Pardo et al., 2012). The main risk factor to predict the GD development are increased
maternal age, overweight before pregnancy, a history of GD in the first pregnancy and history
of intolerance abnormal D-glucose (Morisset et al., 2010). Clinical manifestations of GD have
been atribuited to conditions of hyperglicaemia, hyperlipidemia, hyperinsulinemia, and fetal
endothelial dysfunction (Nold & Goergieff, 2004; Greene & Solomon, 2005; Sobrevia et al.,
2011). Moreover, GD produces alterations in vascular reactivity (i.e., endothelium dependent
vasodilation), which is considered a marker of endothelial dysfunction (De Vriese et al.,
2000; Sobrevia et al., 2011; Westermeier et al., 2011; Salomón et al., 2012).

2. Gestational diabetes effect on endothelial function

GD generates structural and funtional alterations, including placental microvascular and
macrovascular endothelial disfunction (Tchirikov et al., 2002; Biri et al., 2006; Sobrevia et al.,
2011), observations showing an altered regulation of vascular tone in the fetal-placental
circulation (San Martín & Sobrevia, 2006; Casanello et al., 2007; Sobrevia et al., 2011). The distal
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segment of umbilical cord and the placenta correspond to vascular beds without innervation
(Marzioni et al., 2004), therefore local regulation of vascular tone results from a balanced
combination of the synthesis, release and bioactivity endothelium-derived vasodilators (i.e.,
nitric oxide (NO), prostanglandins, adenosine) and vasoconstrictors (i.e., endothelin-1,
angiotensin II) (Olsson & Pearson, 1990; Becker et al., 2000). It was reported that arteries and
veins in the human placenta from pregnancies with GD have an increase in NO synthesis
(Figueroa et al., 2000). Furthermore, the same result was obtained from primary cultures of
human umbilical vein endothelial cells (HUVEC) from pregnant women diagnosed with GD
(Sobrevia et al., 1995). Therefore, vascular disfunction resulting from GD may result from a
functional dissociation between NO synthesis and its bioavailability in the human placental
circulation (Sobrevia et al., 2011). Even when endothelial dysfunction is associated with GD,
this is referred to as an alteration of NO synthesis and the uptake of cationic aminoacid L-
arginine (i.e., L-arginine/NO pathway) (Figure 1) and a lack of mechanism behind these effects
of GD is still a reality (Pardo et al., 2012). However, it is accepted that GD is a result of multiple
mechanisms of metabolic alteration, including human fetal endothelial sensitivity to vasoac‐
tive molecules such as adenosine (Vásquez et al., 2004; San Martín & Sobrevia, 2006; Sobrevia
et al., 2011; Pardo et al., 2012).

Figure 1. Fetal endothelial dysfunction in gestational diabetes. Human umbilical vein endothelial cells (HUVEC)
from gestational diabetes (Gestational diabetes) exhibit increased human cationic amino acids transporter 1 (hCAT-1)–
mediated L-arginine transport and endothelial nitric oxide synthase (eNOS)-dependent nitric oxide (NO) synthesis
compared with HUVEC from normal pregnancies (Normal). From Vásquez et al (2004), San Martín & Sobrevia (2006),
Westermeier et al (2011).
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3. L–arginine transport in endotelial cells

L-arginine transport in human cells corresponding to different system of amino acids trans‐
ports, someone of them, it is y+ system (high affinity, sodium independent) and sodium
dependent (b0,+, B0,+, e y+L) (San Martín & Sobrevía, 2006; Wu, 2009). System y+ has for five
cationic amino acids transporters (CAT): CAT1, CAT2A, CAT2B, CAT3 and CAT4 (Closs et
al., 2006; Grillo et al., 2008), considered the main L-arginine transport mechanism in different
cell types (Tong & Barbul, 2004). In addition, CAT-1 isoform is the main L-arginine transporter
in the placenta (Table 1) (Grillo et al., 2008).

4. Human cationic amino acids transporter 1

Human CAT-1 (hCAT-1) expression is modulated by citokines (i.e., TNFα, TGFβ) (Irie et al.,
1997; Visigalli et al., 2007; Vásquez et al., 2007) and hormones (i.e., insulin) (Simmons et al.,
1996; González et al., 2004, 2011a). The gene coding for this protein is called SLC7A1 and it was
originally located on chromosome 13q12-q14 (Albritton et al., 1992; Hammermann et al.,
2001) and now referred as 13q12.3 (Gene ID: 6541). This gene is formed by 13 exons and 11
introns, where exons -1 and -2 are untranslatable (Hammermann et al., 2001; Sobrevia &
González 2009) and located at the start transcription in +1 exon (Sobrevia & González 2009,
González et al., 2011a). hCAT1 is pH and sodium independent (Devés & Boyd, 1998; Cloos et
al., 2006) with values for apparent Km are between 100 and 150 μM, and subjected to trans-
stimulation (uptake increased by its substrates at the trans side of the plasma membrane) (Cloos
et al., 2006).

5. hCAT–1 mediated L–arginine transport regulation

L-Arginine transport via hCAT-1 is regulated by different conditions (Sobrevia & González,
2009; González et al., 2011a). In HUVEC, hCAT-1 expression increases by tumoral necreosis
factor alpha (TNF-α) (Irie et al., 1997; Visigalli et al., 2007) and transforming growth factor beta
(TGF-β) (Vásquez et al., 2007), in the presence of free radicals such as superoxide anion (O2

-)
(González et al., 2011b), insulin (González et al., 2011a; Guzmán-Gutiérrez et al., 2012a),
activation of A2A adenosine receptors (A2AAR) (Vásquez et al., 2004; Guzmán-Gutiérrez et al.,
2012a), or high extracelular D-glucose concentration (25 mM) (Vásquez et al., 2007). Interest‐
ingly, insulin, A2AAR and extracellular D-glucose have been directly associated with GD (San
Martín & Sobrevia, 2006). Notably, HUVEC from GD pregnancy have increased hCAT-1
expression (Vásquez et al., 2004). Moreover, oxidized low-density lipoprotein (oxLDL) and
protein kinase C (PKC) activity increase this transporter abundance in the membrane in
HEK293 (Zhang et al., 2008; Vina-Vilaseca et al., 2011). Based in a series of recetn publications
(reviewed in Leiva et al., 2011; Sobrevia et al., 2011; Pardo et al., 2012) it is proposed that hCAT-1
mediated L-arginine transport in HUVEC from GD could depend on the regulation of SLC7A1
gene expression.
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6. Regulation of SLC7A1 gene expression

The amino acid cationic transporters family are coding by SLC7A (1-4) gene (Verrey et al.,
2004), where SLC7A1 is coding for hCAT-1 (Hammermann et al., 2001). Among the genes
coding for CAT-1 in rat, mouse and human there are several common characteristics, i.e., the
promoter region lack TATA box, have multiple binding sites for specific protein 1 (Sp1) and
have an extensive 3’-untranslated region (3’UTR) which could play roles in the regulation of
RNA stability or translation (Aulak et al., 1996, 1999; Fernández et al., 2003; Hatzoglou et al.,
2004). SLC7A1 gene has multiple sites for diferent types of transcription factors such as nuclear
factor κB (NF-κB) and Sp1, which is regulated by insulin or inflammatory processes (Sobrevia
& González 2009). In HUVEC from normal pregnancies it has been described that insulin
increased the SLC7A1 transcriptional activity (González et al., 2011a; Guzmán-Gutiérrez et al.,
2012a), a mechanism that is Sp1 dependent (between-177 and -105 pb from ATG), However,
at present there are not studies in HUVEC from GD (Figure 2).

Figure 2. SLC7A1 gene proximal promoter. The locus 13q12.3 codes for SCL7A1. In the proximal promoter of
SLC7A1 there are several consensus sequences for transcription factors, including the nuclear factor κB (NF-κB) and
specific protein 1 (Sp1) between -115 and -736 pb from the transcriptional start point (ATG). In HUVEC from gesta‐
tional diabetes (Gestational diabetes) NF-κB and Sp1 could bind to SLC7A1 proximal promoter inducing its transcrip‐
tional activity. However, in HUVEC from normal pregnancies (Normal) basal transcriptional activity is commanded
mainly by Sp1. The SLC7A1 contains an ATG within the untranslatable region (3’-UTR) and 2 exons (exon -2 and exon
-1). This region could be involved in post-transcriptional regulation of hCAT-1 protein. (1) regards exon 1 of the trans‐
latable region. From Hammerman et al. (2001), Hatzoglou et al. (2004), Sobrevia & González (2009).

Specific protein 1 (Sp1). The transcriptional factor Sp1 belongs to the super family Sp/Krupel-
like factor, which is divided into Sp subfamilies, with 8 members (Sp1-Sp8) and KLF subfamily,
with 15 members (Solomon et al., 2008). Then, Sp subfamily is divided into 2 groups Sp1-Sp4
(604-785 amino acids) and Sp5-Sp8 (394-785 amino acids) (Solomon et al., 2008; Wierstra,
2008). Sp1 has several consensus sites for various kinases, including calmodulin kinase
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(CaMK), casein kinases (CK), protein kinase A (PKA), PKC, and p44/42mapk (Samsons et al.,
2002; Sobrevia & González 2009). Interestingly, insulin increases Sp1 activity in HepG2 cells,
where raised genes transcription such as plasminogen activator inhibitor 1 (Banfi et al., 2001)
and Apo A1 lipoprotein (Murao et al., 1998, Lam et al., 2003). In addition, in the skeletal muscle
L6 cell line it has been demonstrated that insulin increases PKC expression via a Sp1-inde‐
pendent mechanism (Horovitz-Fried et al., 2007).

Nuclear factor κB. Nuclear factor κB (NF-κB) participates in inflammation being a main
element in many diseases whose activation is induced and is protein synthesis independent,
requiring post-translational changes to migrate to the nucleus (Grimm et al., 1993). NF-κB was
described as a transcriptional factor activated by several immunological stimules, for example,
TNFα and LPS (Crisóstomo et al., 2008; Nakao et al., 2002), or interleukine 1 (IL-1) (Jung et al.,
2002). NF-κB activity is related with inhibitor κB (IκB), which is an inhibitor when is attached
to NF-κB (Baldwin, 1996). Hyperglicaemia increases NF-κB protein abundance in the nucleus
in HUVEC, a PI3K/Akt mechanism dependent (Sheu et al., 2005). Insulin acting in a short time
(30 minutes) inhibits NF-κB activations (Zhang et al., 2010). High D-glucose is associated with
NF-κB activation in human aortic endothelial cells (HAEC), and bovine aortic endothelial cells
(BAEC) (Mohan et al., 2003; Sobrevia & González 2009; González et al., 2011b). In BAEC, insulin
blocks high D-glucose effects on NF-κB activity (Aljada et al., 2001). This insulin effect has been
seen in mononuclear cells from obese subjects, who have an increase in NF-κB activity
(Dandona et al., 2001). NF-κB is also regulated by A2AAR activation leading to inhibition in
HUVEC (Sands et al., 2004). In other hands, in astrocytes A2AAR activation leads to increased
NF-κB activity (Ke et al., 2009). Probably, NF-κB has different functions depending on the cell
type. Futhermore, A3AR activates NF-κB in thyroid carcinoma (Morello et al., 2009; Bar-
Yehuda et al., 2008) and in mononuclear cells from rheumatoid arthritis patients (Fishman et
al., 2006; Madi et al., 2007). NF-κB activity has been associated with cationic amino acid
transporter 2B (CAT-2B) in human saphenous vascular endothelial cells (HSVEC) in response
to TNFα (Visigalli et al., 2007). In animal models it has been demonstrated that mCAT-2B
requires activation of NF-κB in macrophages (Huang et al., 2004), and that LPS increases
mCAT2 levels via NF-κB in these cells (Tsai et al., 2006). In animal models of GD it has has
been demonstrated that NF-κB inhibition leads to an increase in insulin sensitivity in cheeps
skeletal muscle (Yan et al., 2010), and increases GLUT-4 expression in GD rat uterus. However,
there is no information regarding the role of NF-κB in human tissues or cells from GD.

7. Gestational diabetes effect on L–arginine transport in HUVEC

It has been reported that NO levels in amniotic fluid (von Mandach et al., 2003) and NO
synthesis in placental vein and artery (Figueroa et al., 2000) are increased in GD. Early studies
in HUVEC from GD pregnancies show increased NO synthesis and L-arginine transport
(Sobrevia et al., 1995, 1997). These results were associated with an increase in eNOS number
of copies for mRNA, protein level and activity (Vásquez et al., 2004; Farías et al., 2006, 2010;
Westermeier et al., 2011). Moreover, HUVEC from GD pregnancies exhibit a higher number
of copies of mRNA for hCAT-1 (Vásquez et al., 2004). Interestingly, HUVEC incubated with
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6. Regulation of SLC7A1 gene expression

The amino acid cationic transporters family are coding by SLC7A (1-4) gene (Verrey et al.,
2004), where SLC7A1 is coding for hCAT-1 (Hammermann et al., 2001). Among the genes
coding for CAT-1 in rat, mouse and human there are several common characteristics, i.e., the
promoter region lack TATA box, have multiple binding sites for specific protein 1 (Sp1) and
have an extensive 3’-untranslated region (3’UTR) which could play roles in the regulation of
RNA stability or translation (Aulak et al., 1996, 1999; Fernández et al., 2003; Hatzoglou et al.,
2004). SLC7A1 gene has multiple sites for diferent types of transcription factors such as nuclear
factor κB (NF-κB) and Sp1, which is regulated by insulin or inflammatory processes (Sobrevia
& González 2009). In HUVEC from normal pregnancies it has been described that insulin
increased the SLC7A1 transcriptional activity (González et al., 2011a; Guzmán-Gutiérrez et al.,
2012a), a mechanism that is Sp1 dependent (between-177 and -105 pb from ATG), However,
at present there are not studies in HUVEC from GD (Figure 2).

Figure 2. SLC7A1 gene proximal promoter. The locus 13q12.3 codes for SCL7A1. In the proximal promoter of
SLC7A1 there are several consensus sequences for transcription factors, including the nuclear factor κB (NF-κB) and
specific protein 1 (Sp1) between -115 and -736 pb from the transcriptional start point (ATG). In HUVEC from gesta‐
tional diabetes (Gestational diabetes) NF-κB and Sp1 could bind to SLC7A1 proximal promoter inducing its transcrip‐
tional activity. However, in HUVEC from normal pregnancies (Normal) basal transcriptional activity is commanded
mainly by Sp1. The SLC7A1 contains an ATG within the untranslatable region (3’-UTR) and 2 exons (exon -2 and exon
-1). This region could be involved in post-transcriptional regulation of hCAT-1 protein. (1) regards exon 1 of the trans‐
latable region. From Hammerman et al. (2001), Hatzoglou et al. (2004), Sobrevia & González (2009).

Specific protein 1 (Sp1). The transcriptional factor Sp1 belongs to the super family Sp/Krupel-
like factor, which is divided into Sp subfamilies, with 8 members (Sp1-Sp8) and KLF subfamily,
with 15 members (Solomon et al., 2008). Then, Sp subfamily is divided into 2 groups Sp1-Sp4
(604-785 amino acids) and Sp5-Sp8 (394-785 amino acids) (Solomon et al., 2008; Wierstra,
2008). Sp1 has several consensus sites for various kinases, including calmodulin kinase
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(CaMK), casein kinases (CK), protein kinase A (PKA), PKC, and p44/42mapk (Samsons et al.,
2002; Sobrevia & González 2009). Interestingly, insulin increases Sp1 activity in HepG2 cells,
where raised genes transcription such as plasminogen activator inhibitor 1 (Banfi et al., 2001)
and Apo A1 lipoprotein (Murao et al., 1998, Lam et al., 2003). In addition, in the skeletal muscle
L6 cell line it has been demonstrated that insulin increases PKC expression via a Sp1-inde‐
pendent mechanism (Horovitz-Fried et al., 2007).

Nuclear factor κB. Nuclear factor κB (NF-κB) participates in inflammation being a main
element in many diseases whose activation is induced and is protein synthesis independent,
requiring post-translational changes to migrate to the nucleus (Grimm et al., 1993). NF-κB was
described as a transcriptional factor activated by several immunological stimules, for example,
TNFα and LPS (Crisóstomo et al., 2008; Nakao et al., 2002), or interleukine 1 (IL-1) (Jung et al.,
2002). NF-κB activity is related with inhibitor κB (IκB), which is an inhibitor when is attached
to NF-κB (Baldwin, 1996). Hyperglicaemia increases NF-κB protein abundance in the nucleus
in HUVEC, a PI3K/Akt mechanism dependent (Sheu et al., 2005). Insulin acting in a short time
(30 minutes) inhibits NF-κB activations (Zhang et al., 2010). High D-glucose is associated with
NF-κB activation in human aortic endothelial cells (HAEC), and bovine aortic endothelial cells
(BAEC) (Mohan et al., 2003; Sobrevia & González 2009; González et al., 2011b). In BAEC, insulin
blocks high D-glucose effects on NF-κB activity (Aljada et al., 2001). This insulin effect has been
seen in mononuclear cells from obese subjects, who have an increase in NF-κB activity
(Dandona et al., 2001). NF-κB is also regulated by A2AAR activation leading to inhibition in
HUVEC (Sands et al., 2004). In other hands, in astrocytes A2AAR activation leads to increased
NF-κB activity (Ke et al., 2009). Probably, NF-κB has different functions depending on the cell
type. Futhermore, A3AR activates NF-κB in thyroid carcinoma (Morello et al., 2009; Bar-
Yehuda et al., 2008) and in mononuclear cells from rheumatoid arthritis patients (Fishman et
al., 2006; Madi et al., 2007). NF-κB activity has been associated with cationic amino acid
transporter 2B (CAT-2B) in human saphenous vascular endothelial cells (HSVEC) in response
to TNFα (Visigalli et al., 2007). In animal models it has been demonstrated that mCAT-2B
requires activation of NF-κB in macrophages (Huang et al., 2004), and that LPS increases
mCAT2 levels via NF-κB in these cells (Tsai et al., 2006). In animal models of GD it has has
been demonstrated that NF-κB inhibition leads to an increase in insulin sensitivity in cheeps
skeletal muscle (Yan et al., 2010), and increases GLUT-4 expression in GD rat uterus. However,
there is no information regarding the role of NF-κB in human tissues or cells from GD.

7. Gestational diabetes effect on L–arginine transport in HUVEC

It has been reported that NO levels in amniotic fluid (von Mandach et al., 2003) and NO
synthesis in placental vein and artery (Figueroa et al., 2000) are increased in GD. Early studies
in HUVEC from GD pregnancies show increased NO synthesis and L-arginine transport
(Sobrevia et al., 1995, 1997). These results were associated with an increase in eNOS number
of copies for mRNA, protein level and activity (Vásquez et al., 2004; Farías et al., 2006, 2010;
Westermeier et al., 2011). Moreover, HUVEC from GD pregnancies exhibit a higher number
of copies of mRNA for hCAT-1 (Vásquez et al., 2004). Interestingly, HUVEC incubated with
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high D-glucose show increased NO synthesis and intracellular cGMP levels (Sobrevia et al.,
1997; González et al., 2004, 2011a). In this phenomenon a role has been proposed for cell
signaling pathways including PKC and p44/p42mapk (Montecinos et al., 2000; Flores et al.,
2003). Thus, in GD there is an increase in NO level associated with an increase in hCAT-1
mediated L-arginine transport.

In HUVEC from GD pregnancies insulin reduces L-arginine transport-increased observed in
this cells compared with HUVEC from normal pregnancies (Sobrevia et al., 1998). Moreover,
it was observed that insulin reduce NO synthesis-increased (Sobrevia et al., 1998). Another
vasoactive molecule, including adenosine, increases L-arginine transport and eNOS activity
(Vásquez et al., 2004; San Martín & Sobrevia 2006; Farías et al., 2006, 2010; Westermeier et al.,
2011). It was observated by assays in vitro that the adenosine level in the culture medium of
HUVEC from GD pregnancies (2.5 μM) is higher that HUVEC from normal pregnancies (50
nM) (Vásquez et al., 2004; Westermeier et al., 2011). Moreover, in HUVEC from normal
pregnancies incubated with nitrobenzylthioinosine (NBTI, equilibrative adenosine transport‐
ers inhibitor) exhibit increased L-arginine transport, a phenomenon blocked by antagonists of
A2AAR, indicating that elevated extracellular adenosine level and A2AAR activation are factors
involved in the stimulation of L-arginine transport by NBTI (San Martín & Sobrevia, 2006;
Westermeier et al., 2009; Sobrevia et al., 2011).

8. Adenosine receptors

Adenosine is a purine nucleoside associated with several biological functions, such as
nucleotides synthesis or cellular energetic metabolism (Eltzschig, 2009). Moreover, this
nucleoside is a vasodilator in coronary, cerebral, and muscular circulation, in several condi‐
tions including hypoxia and exercise (Berne et al., 1983). Extracellular adenosine is a signaling
molecule that activates adenosine receptors (ARs). ARs belonging purinergic receptor P1
family, are coupled to G-protein and only four subtypes ARs, A1, A2A, A2B y A3 have been
described (Fredholm et al., 2001, 2007, 2011; Burnstock et al., 2006, 2010). ARs stimulation
generates several biological effects which are related with the expression pattern and mem‐
brane disponibility in a certain cellular type or tissue (Liu et al., 2002; Wyatt et al., 2002;
Feoktistov et al., 2002). The protein assembly exhibits a short N-terminal (7-13 amino acids)
compared with the C-terminal (32-120 amino acids) (Burnstock, 2006). Humans ARs trans‐
membrane domains have between 39–61% of identical sequence and 11-18% with P2 family
(nucleotide receptors) (Burnstock, 2006). The A1AR, A2AAR y A3AR are activated by adenosine
at nanomolar concentration, while A2BAR requires micromolar concentration for its activation
(Fredholm et al., 2001; 2011; Schulte & Fredholm, 2003; Eltzschig, 2009; Mundell & Kelly,
2010). A1AR and A3AR are clasically associated with inhibitory signaling receptors coupled to
Gi/Go protein; however, A2AAR and A2BAR are associated with stimulatory signaling receptors
coupled to Gs protein (Klinger et al., 2002).

ARs activation depends on the adenosine extracellular level, a characteristic that is mainly
regulated by adenosine membrane transporters (Baldwin et al., 2004; Burnstock, 2006;
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Westermeier et al., 2009; Burnstock et al., 2010; Sobrevia et al., 2011). In HUVEC and in human
placental microvascular endothelial cells (hPMEC) the extracellular adenosine is taken up
mainly via the equilibrative nucleoside transporters (ENTs) (Westermeier et al., 2009; 2011;
Sobrevia et al., 2011; Salomón et al., 2012). Interestingly, the sodium dependent, concentrative
nucleoside transporters (CNT) have not been described in HUVEC or hPMEC (Sobrevia et al.,
2011; Pardo et al., 2012). Several studies have described endothelial effects of adenosine,
including a rise in the oxygen demand/delivery relation in human heart due to A2AAR
activation-associated vasodilation (Shryock et al., 1998; Sundell et al., 2003), or reduction on
norepinephrine release and peripheral vascular resistance by A1AR activation in rat sympa‐
thetic nerve (Burgdorf et al., 2001, 2005). A summary of the potential biological effects resulting
from activation of ARs is given in Table 2.

9. Role of adenosine receptors in gestational diabetes

The vasodilatory effect of adenosine, which is endothelial-derived NO-dependent, is mediated
by activation of ARs (Sobrevia & Mann, 1997; Edmunds & Marshall, 2003; Vásquez et al.,
2004; San Martín & Sobrevia, 2006; Ray & Marshall, 2006; Casanello et al., 2007; Escudero et
al., 2008, 2009; Westermeier et al., 2009; Sobrevia et al., 2011). This is also seen in primary
cultures of HUVEC from GD (Vásquez et al., 2004; San Martín & Sobrevia, 2006; Casanello et
al., 2007; Westermeier et al., 2009; Farías et al., 2006, 2010) or in HUVEC from normal preg‐
nancies exposed to high D-glucose (Muñoz et al., 2006; Puebla et al., 2008). The functional link
between adenosine and L-arginine/NO pathway in HUVEC has been referred as the ALANO
signalling pathway (i.e., Adenosine/L-Arginine/Nitric Oxide) (San Martín & Sobrevia, 2006). This
mechanism has been proposed as a key new element for a better understanding of the
endothelial dysfunction in conditions of hyperglicaemia, such as that seen in GD (Figure 3)
(Pandolfi & Di Pietro, 2010).

The increased activity of ALANO pathway in GD involves extracellular adenosine accumu‐
lation resulting from reduced of adenosine uptake into endothelial cells (Vásquez et al., 2004;
Farías et al., 2006, 2010). This means that changes in plasma adenosine concentration in the
fetoplacental circulation could result in an altered blood flux control in the human placenta
(Westermeier et al., 2009; Sobrevia et al., 2011). It was demonstrated that resistance of umbilical
vessels from GD do not change with respect to vessels from normal pregnancies (Brown et al.,
1990; Biri et al., 2006; Pietryga et al., 2006). It has been reported that plasma adenosine level in
umbilical vein whole blood is higher in GD with respect to normal pregnancies (Westermeier
et al., 2011). In addition, umbilical vein blood contained more adenosine compared with
umbilical cord arteries in GD, thus suggestsing that an altered placental metabolism of this
nucleoside is likely in this syndrome (Salomón et al., 2012). These results complement other
studies showing increased adenosine concentration in umbilical vein blood from GD compare
to normal pregnancies (Maguire et al., 1998) or in the extracellular medium in primary cultures
for HUVEC and hPMEC from GD (Vásquez et al., 2004; Farías et al., 2006, 2010; Westermeier
et al., 2011; Salomón et al., 2012). Even when all these observation have been made, there is
not a full consense between the findings showing increased plasma level of adenosine and
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high D-glucose show increased NO synthesis and intracellular cGMP levels (Sobrevia et al.,
1997; González et al., 2004, 2011a). In this phenomenon a role has been proposed for cell
signaling pathways including PKC and p44/p42mapk (Montecinos et al., 2000; Flores et al.,
2003). Thus, in GD there is an increase in NO level associated with an increase in hCAT-1
mediated L-arginine transport.

In HUVEC from GD pregnancies insulin reduces L-arginine transport-increased observed in
this cells compared with HUVEC from normal pregnancies (Sobrevia et al., 1998). Moreover,
it was observed that insulin reduce NO synthesis-increased (Sobrevia et al., 1998). Another
vasoactive molecule, including adenosine, increases L-arginine transport and eNOS activity
(Vásquez et al., 2004; San Martín & Sobrevia 2006; Farías et al., 2006, 2010; Westermeier et al.,
2011). It was observated by assays in vitro that the adenosine level in the culture medium of
HUVEC from GD pregnancies (2.5 μM) is higher that HUVEC from normal pregnancies (50
nM) (Vásquez et al., 2004; Westermeier et al., 2011). Moreover, in HUVEC from normal
pregnancies incubated with nitrobenzylthioinosine (NBTI, equilibrative adenosine transport‐
ers inhibitor) exhibit increased L-arginine transport, a phenomenon blocked by antagonists of
A2AAR, indicating that elevated extracellular adenosine level and A2AAR activation are factors
involved in the stimulation of L-arginine transport by NBTI (San Martín & Sobrevia, 2006;
Westermeier et al., 2009; Sobrevia et al., 2011).

8. Adenosine receptors

Adenosine is a purine nucleoside associated with several biological functions, such as
nucleotides synthesis or cellular energetic metabolism (Eltzschig, 2009). Moreover, this
nucleoside is a vasodilator in coronary, cerebral, and muscular circulation, in several condi‐
tions including hypoxia and exercise (Berne et al., 1983). Extracellular adenosine is a signaling
molecule that activates adenosine receptors (ARs). ARs belonging purinergic receptor P1
family, are coupled to G-protein and only four subtypes ARs, A1, A2A, A2B y A3 have been
described (Fredholm et al., 2001, 2007, 2011; Burnstock et al., 2006, 2010). ARs stimulation
generates several biological effects which are related with the expression pattern and mem‐
brane disponibility in a certain cellular type or tissue (Liu et al., 2002; Wyatt et al., 2002;
Feoktistov et al., 2002). The protein assembly exhibits a short N-terminal (7-13 amino acids)
compared with the C-terminal (32-120 amino acids) (Burnstock, 2006). Humans ARs trans‐
membrane domains have between 39–61% of identical sequence and 11-18% with P2 family
(nucleotide receptors) (Burnstock, 2006). The A1AR, A2AAR y A3AR are activated by adenosine
at nanomolar concentration, while A2BAR requires micromolar concentration for its activation
(Fredholm et al., 2001; 2011; Schulte & Fredholm, 2003; Eltzschig, 2009; Mundell & Kelly,
2010). A1AR and A3AR are clasically associated with inhibitory signaling receptors coupled to
Gi/Go protein; however, A2AAR and A2BAR are associated with stimulatory signaling receptors
coupled to Gs protein (Klinger et al., 2002).

ARs activation depends on the adenosine extracellular level, a characteristic that is mainly
regulated by adenosine membrane transporters (Baldwin et al., 2004; Burnstock, 2006;
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Westermeier et al., 2009; Burnstock et al., 2010; Sobrevia et al., 2011). In HUVEC and in human
placental microvascular endothelial cells (hPMEC) the extracellular adenosine is taken up
mainly via the equilibrative nucleoside transporters (ENTs) (Westermeier et al., 2009; 2011;
Sobrevia et al., 2011; Salomón et al., 2012). Interestingly, the sodium dependent, concentrative
nucleoside transporters (CNT) have not been described in HUVEC or hPMEC (Sobrevia et al.,
2011; Pardo et al., 2012). Several studies have described endothelial effects of adenosine,
including a rise in the oxygen demand/delivery relation in human heart due to A2AAR
activation-associated vasodilation (Shryock et al., 1998; Sundell et al., 2003), or reduction on
norepinephrine release and peripheral vascular resistance by A1AR activation in rat sympa‐
thetic nerve (Burgdorf et al., 2001, 2005). A summary of the potential biological effects resulting
from activation of ARs is given in Table 2.

9. Role of adenosine receptors in gestational diabetes

The vasodilatory effect of adenosine, which is endothelial-derived NO-dependent, is mediated
by activation of ARs (Sobrevia & Mann, 1997; Edmunds & Marshall, 2003; Vásquez et al.,
2004; San Martín & Sobrevia, 2006; Ray & Marshall, 2006; Casanello et al., 2007; Escudero et
al., 2008, 2009; Westermeier et al., 2009; Sobrevia et al., 2011). This is also seen in primary
cultures of HUVEC from GD (Vásquez et al., 2004; San Martín & Sobrevia, 2006; Casanello et
al., 2007; Westermeier et al., 2009; Farías et al., 2006, 2010) or in HUVEC from normal preg‐
nancies exposed to high D-glucose (Muñoz et al., 2006; Puebla et al., 2008). The functional link
between adenosine and L-arginine/NO pathway in HUVEC has been referred as the ALANO
signalling pathway (i.e., Adenosine/L-Arginine/Nitric Oxide) (San Martín & Sobrevia, 2006). This
mechanism has been proposed as a key new element for a better understanding of the
endothelial dysfunction in conditions of hyperglicaemia, such as that seen in GD (Figure 3)
(Pandolfi & Di Pietro, 2010).

The increased activity of ALANO pathway in GD involves extracellular adenosine accumu‐
lation resulting from reduced of adenosine uptake into endothelial cells (Vásquez et al., 2004;
Farías et al., 2006, 2010). This means that changes in plasma adenosine concentration in the
fetoplacental circulation could result in an altered blood flux control in the human placenta
(Westermeier et al., 2009; Sobrevia et al., 2011). It was demonstrated that resistance of umbilical
vessels from GD do not change with respect to vessels from normal pregnancies (Brown et al.,
1990; Biri et al., 2006; Pietryga et al., 2006). It has been reported that plasma adenosine level in
umbilical vein whole blood is higher in GD with respect to normal pregnancies (Westermeier
et al., 2011). In addition, umbilical vein blood contained more adenosine compared with
umbilical cord arteries in GD, thus suggestsing that an altered placental metabolism of this
nucleoside is likely in this syndrome (Salomón et al., 2012). These results complement other
studies showing increased adenosine concentration in umbilical vein blood from GD compare
to normal pregnancies (Maguire et al., 1998) or in the extracellular medium in primary cultures
for HUVEC and hPMEC from GD (Vásquez et al., 2004; Farías et al., 2006, 2010; Westermeier
et al., 2011; Salomón et al., 2012). Even when all these observation have been made, there is
not a full consense between the findings showing increased plasma level of adenosine and
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endothelial dysfunction in GD pregnancies (Baldwin et al., 2004; San Martín & Sobrevia, 2006;
Casanello et al., 2007; Westermeier et al., 2009; Sobrevia et al., 2011; Pardo et al., 2012).

10. Insulin

Insulin is a polypeptide hormone of 51 amino acid residues, synthesized and secreted by β
cells in the Langerhans islets of pancreas as an inactive single polypeptide, i.e., preproinsulin,
with an N-terminal signal sequence that determines its incorporation to secretory vesicles
(Mounier et al., 2006). The proteolytic elimination of the signal sequence and the formation of
three di-sulfur bridges yield the proinsulin. This molecule goes to the Golgi apparatus where
it is modified and stored in secretory vesicles (Shepherd, 2004). The raise of D-glucose in the
blood triggers insulin production through conversion of proinsulin to active insulin by
proteases that will cut two peptide bonds to form the mature form of insulin in equimolar
quantities of C peptide (Shepherd, 2004). Insulin is the archetypal growth hormone during
fetal development, promotes the deposit of carbohydrates, lipids and protein in the tissues
and D-glucose uptake. This hexose is the main source of energy in the fetus and its metabolism
responds to fetal insulin since the 12th week of gestation (first trimester) (Desoye at al., 2007).
Intracellular hormones and signals regulate insulin secretion, also the autonomous nervous
system and the interaction of substrates like amino acids and mainly D-glucose (Shepherd,

Figure 3. Endothelial ALANO pathway. The ALANO (Adenosine/L-Arginine/Nitric oxide) pathway is initiated by a
low adenosine uptake via equilibrative nucleoside transporters (ENT) (dotted arrow) leading to increased extracellular
adenosine concentration. Accumulation of adenosine activates A2A adenosine receptors (A2A) resulting in increased
human cationic amino acid (hCAT-1)-mediated L-arginine transport and endothelial nitric oxide synthase (eNOS)-de‐
pendent nitric oxide (NO) synthesis. eNOS is activated by preferential Serine1177 phosphorylation (p-eNOS). ALANO
pathway has been associated as a new mechanism for the understanding of gestational diabetes effects on human
fetal endothelial cells. From Vásquez et al. (2004), San Martín & Sobrevia (2006), Pandolfi & Di Pietro (2010).
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2004). Once secreted from the pancreas, insulin exerts several effects on its target cells and
regulates a myriad of processes in the organism (Muniyappa et al., 2007).

11. Role of insulin in gestational diabetes

The studies ‘Summary and Recommendations of the Fourth International Workshop-Confer‐
ence on Gestational Diabetes Mellitus’ (Metzger & Coustan, 1998) and ‘Gestational Diabetes
Mellitus, Position Statement of the American Diabetes Association’ (2004) list different priority
areas regarding gestational diabetes research, proposing the characterization of regulatory
mechanisms of fetal blood flow as a necessary attention sector, based in the lack of information
about the effect of gestational diabetes over the fetoplacentary circulation. Furthermore, some
reports (i.e., ‘Summary and Recommendations of the Fifth International Workshop-Confer‐
ence on Gestational Diabetes Mellitus’) (Metzger et al., 2007) include recommendations for
research in several aspects of placental function in the context of gestational diabetes. These
recommendations include characterization of insulin resistant mechanisms and identification
of cellular mechanism that reduces insulin signal in GD (Metzger et al., 2007). Although the
role of insulin is accepted in GD, cellular signaling and the fetoplacental tissue response to
insulin in this syndrome is not well understood (Hiden et al., 2009; Westermeier et al., 2009;
Sobrevia & González, 2009; Sobrevia et al., 2009). Even when insulin receptors are expressed
in human placental vasculature (Hiden et al., 2009; Westermeier et al., 2011; Salomón et al.,
2012), there is limited information available about the biological action of insulin receptors
activation and the vascular effects of insulin in the placental circulation in GD (Desoye &
Hauguel-de Mouson, 2007; Barret et al., 2009; Genua et al., 2009; Sobrevia et al., 2011).

GD leads to abnormalities in the transplacental transport, an event that happens, among others
factors, due to a lost in the hormonal balance induced by changes in the synthesis and signaling
of insulin (Kuzuya & Matsuda, 1997; Metzger & Custan, 1998; Greene & Solomon, 2005; Biri
et al., 2006; Sobrevia & González, 2009; Barret et al., 2009). Insulin causes vasodilation in normal
subjects via a mechanism that is dependent on endothelium-derived NO (Steinberg & Baron,
2002; Sundell & Knuuti, 2003; Barret et al., 2009; Sonne et al., 2010; Timmerman et al., 2010).
Furthermore, in vitro studies show that insulin activates L-arginine/NO signaling pathway in
HUVEC (González et al., 2004, 2011a; Muñoz et al. 2006), hPMEC (Salomón et al., 2012) and in
other endothelia (Sundell & Knuuti, 2003; Barrett et al., 2009). Initial observations suggested a
differential vasodilatory effect of insulin between the macro and microvasculature of the
human placenta from fetuses that were appropriate (AGA) or large (LGA) for gestational age
in GD (Jo et al., 2009). This study shows that insulin-associated vasodilation depends on
endothelium-derived NO in umbilical arteries and veins from normal pregnancies or GD, and
that insulin did not alter chorionic vessels of normal pregnancies, but generated chorionic
vessel relaxation in pregnancies with this syndrome. These observations were accompanied
by increased level of insulin in the plasma from umbilical cord blood, confirming earlier
observations (Westgate et al., 2006; Lindsay et al., 2007; Colomiere et al., 2009). Interestingly,
there is not information regarding the potential mechanism(s) associated with this specific
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endothelial dysfunction in GD pregnancies (Baldwin et al., 2004; San Martín & Sobrevia, 2006;
Casanello et al., 2007; Westermeier et al., 2009; Sobrevia et al., 2011; Pardo et al., 2012).

10. Insulin

Insulin is a polypeptide hormone of 51 amino acid residues, synthesized and secreted by β
cells in the Langerhans islets of pancreas as an inactive single polypeptide, i.e., preproinsulin,
with an N-terminal signal sequence that determines its incorporation to secretory vesicles
(Mounier et al., 2006). The proteolytic elimination of the signal sequence and the formation of
three di-sulfur bridges yield the proinsulin. This molecule goes to the Golgi apparatus where
it is modified and stored in secretory vesicles (Shepherd, 2004). The raise of D-glucose in the
blood triggers insulin production through conversion of proinsulin to active insulin by
proteases that will cut two peptide bonds to form the mature form of insulin in equimolar
quantities of C peptide (Shepherd, 2004). Insulin is the archetypal growth hormone during
fetal development, promotes the deposit of carbohydrates, lipids and protein in the tissues
and D-glucose uptake. This hexose is the main source of energy in the fetus and its metabolism
responds to fetal insulin since the 12th week of gestation (first trimester) (Desoye at al., 2007).
Intracellular hormones and signals regulate insulin secretion, also the autonomous nervous
system and the interaction of substrates like amino acids and mainly D-glucose (Shepherd,

Figure 3. Endothelial ALANO pathway. The ALANO (Adenosine/L-Arginine/Nitric oxide) pathway is initiated by a
low adenosine uptake via equilibrative nucleoside transporters (ENT) (dotted arrow) leading to increased extracellular
adenosine concentration. Accumulation of adenosine activates A2A adenosine receptors (A2A) resulting in increased
human cationic amino acid (hCAT-1)-mediated L-arginine transport and endothelial nitric oxide synthase (eNOS)-de‐
pendent nitric oxide (NO) synthesis. eNOS is activated by preferential Serine1177 phosphorylation (p-eNOS). ALANO
pathway has been associated as a new mechanism for the understanding of gestational diabetes effects on human
fetal endothelial cells. From Vásquez et al. (2004), San Martín & Sobrevia (2006), Pandolfi & Di Pietro (2010).
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2004). Once secreted from the pancreas, insulin exerts several effects on its target cells and
regulates a myriad of processes in the organism (Muniyappa et al., 2007).

11. Role of insulin in gestational diabetes

The studies ‘Summary and Recommendations of the Fourth International Workshop-Confer‐
ence on Gestational Diabetes Mellitus’ (Metzger & Coustan, 1998) and ‘Gestational Diabetes
Mellitus, Position Statement of the American Diabetes Association’ (2004) list different priority
areas regarding gestational diabetes research, proposing the characterization of regulatory
mechanisms of fetal blood flow as a necessary attention sector, based in the lack of information
about the effect of gestational diabetes over the fetoplacentary circulation. Furthermore, some
reports (i.e., ‘Summary and Recommendations of the Fifth International Workshop-Confer‐
ence on Gestational Diabetes Mellitus’) (Metzger et al., 2007) include recommendations for
research in several aspects of placental function in the context of gestational diabetes. These
recommendations include characterization of insulin resistant mechanisms and identification
of cellular mechanism that reduces insulin signal in GD (Metzger et al., 2007). Although the
role of insulin is accepted in GD, cellular signaling and the fetoplacental tissue response to
insulin in this syndrome is not well understood (Hiden et al., 2009; Westermeier et al., 2009;
Sobrevia & González, 2009; Sobrevia et al., 2009). Even when insulin receptors are expressed
in human placental vasculature (Hiden et al., 2009; Westermeier et al., 2011; Salomón et al.,
2012), there is limited information available about the biological action of insulin receptors
activation and the vascular effects of insulin in the placental circulation in GD (Desoye &
Hauguel-de Mouson, 2007; Barret et al., 2009; Genua et al., 2009; Sobrevia et al., 2011).
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vessel relaxation in pregnancies with this syndrome. These observations were accompanied
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response to insulin by the fetoplacental unit in GD (Youngren et al., 2007, Barrett et al., 2009;
Sobrevia & González, 2009; Sobrevia et al., 2011).

12. hCAT–1–mediated L–arginine transport regulated by insulin

In primary cultures of HUVEC in euglycemia conditions (i.e., containing 5 mM D-glucose) and
in the presence of physiological concentrations of insulin (0.1-1 nM) it has been observed an
increase of the maximum velocity of L-arginine transport (Vmax), with no significant changes in
the apparent Km (González et al., 2004). This phenomenon was seen in a higher maximum
transport capacity (i.e., Vmax/Km) (Casanello et al., 2007; Vásquez et al., 2004; Escudero et al., 2008).
The reported magnitude of stimulatory effect of L-arginine transport (~5 fold) was compara‐
ble to trans-stimulation with lysine of L-arginine uptake (González et al., 2004). These results are
complemented by an increased number of copies of mRNA for hCAT1 (González et al., 2004)
and protein abundance (González et al., 2011a; Guzmán-Gutiérrez et al., 2012a). These studies
suggest that L-arginine transport is stimulated by insulin by increasing the expression of hCAT1
in HUVEC (Sobrevia & González, 2009). Furthermore, it has been proposed that the effect of
insulin on transport of L-arginine is a cellular signaling mechanism including phosphatidylino‐
sitol 3 kinase (PI3K), protein kinase C (PKC) and mitogen-activated protein kinases p44 and p42
(p42/p44mapk) (González et al., 2004). This phenomenon will increase the binding of Sp1 to SLC7A1
promoter in the consensus area between -177 to -105 bp from the ATG (González et al., 2011)
(Figure 4). Furthermore, in HUVEC from pregnancies with GD in the presence of 5 mM D-
glucose, insulin (1 nM) decreases overall L-arginine transport, whereas in 25 mM D-glucose,
insulin insensitivity is seen (0.1-10 nM) (Sobrevia et al., 1996, 1998). These findings open the
option of studying a mechanism of insulin resistance mediated by insulin receptor or post-
insulin receptor defects. Recently it has been reported that HUVEC (Westermeier et al., 2011)
and hPMEC (Salomón et al., 2012) express at least two insulin receptor subtypes, IR type A (IR-
A) and IR type B (IR-B). In HUVEC from GD the IR-A/IR-B ratio is 1.6 fold compared with cells
from normal pregnanices, an effect due to increased IR-A mRNA expression. However, in
hPMEC from GD pregnancies the IR-A mRNA expression was reduced, while IR-B mRNA
expression was increased compared with cells from normal pregnancies. Thus, a differential
and cell specific involvement of these IR subtypes in GD and perhaps other pathologies of
pregnancy, such as pre-eclampsia (Mate et al., 2012) could occur.

13. Insulin receptors

Insulin generates its biological effects via activation of insulin receptors in the plasma mem‐
brane of endothelial cells of human umbilical vein (Zheng & Quon, 1996; Nitert et al., 2005)
and placental microvasculature (Desoye & Hauguel-de Mouzon, 2007; Hiden et al., 2009). The
gene coding the human insulin receptor is located on the short arm of chromosome 19 and
consists of 22 exons and 21 introns (Seino et al., 1989). The mature insulin receptor is a
glycoprotein composed of two β subunits (transmembrane domain) joined by disulfide
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bridges. The N-terminal extracellular α-subunit (exons 1-2) and the cysteine-rich domain
(exons 3-5) are responsible for the high affinity for the insulin in combination with C-terminal
domain (amino acid residues 704-719) (Kristensen et al., 1998; Thørsoe et al., 2010). Insulin
signaling involves the participation of PI3K as regulatory protein of D-glucose metabolism in
tissues such as skeletal muscle and adipocytes promoting translocation of isoform 4 of D-
glucose transporter (GLUT4) to the plasma membrane and stimulating NO production and
endothelium-dependent vasodilation (Bergandi et al., 2003). The mitogenic effect is primarily
mediated by MAPK, which regulates the growth, differentiation and control, for example, the
synthesis of vasoconstrictor molecules such as ET-1 (Kim et al., 2006; Muniyappa et al., 2007).

With the cloning of the two isoforms of the insulin receptor, i.e., IR-A and IR-B, it the possibility
of a differential response to insulin by selective activation (or semi selective) of these isoforms
has been proposed (Ullrich et al., 1985; Ebina et al., 1985; Frasca et al., 1999; Sesti et al., 2001;
Belfiore et al., 2009; Genua et al., 2009; Sciacca et al., 2003, 2010; Thørsoe et al., 2010; Sen et al.,
2010; Westermeier et al., 2011; Sobrevia et al., 2011; Leiva et al., 2011; Pardo et al., 2012; Salomón
et al., 2012). The IR-A cDNA (exon 11-) lacks exon 11, and IR-B (exon 11+) contains exon 11
(Genua et al., 2009; Thørsoe et al., 2010; Sen et al., 2010). Both isoforms are expressed in insulin-
sensitive tissues (liver, muscle and adipose tissue) (Moller et al., 1989; Mosthaf et al., 1990), but
IR-A is predominantly expressed in the fetus and placenta, where it plays a role in embryonic
development (Frasca et al., 1999). These isoforms are also expressed in adult tissue, especially
in the brain (Belfiore et al., 2009). Moreover, IR-B is expressed mainly in differentiated adult
tissues, such as the liver, and associates with increased metabolic effects of insulin (Sciacca et
al., 2003, 2010; Genua et al., 2009; Sen et al., 2010). Dysregulation of the insulin receptor splicing

Figure 4. Insulin modulation of hCAT-1 mediated L-arginine transport in HUVEC. Insulin activates insulin receptors
(IR) trigerring signaling cascades involving phosphoinositol 3 kinase (PI3K), Akt and protein kinases C (PKC), and in paral‐
lel p44 and p42 mitogen-activated protein kinases (p44/42mapk). These molecules induce an increase in Sp1 cytoplasm lev‐
els, which then promotes SLC7A1 transcriptional activity due to higher Sp1 activity (between the region -331 to -130 bp
from the transctiptional start point (3’UTR)) leading to an increase in the hCAT-1 mRNA expression and protein abun‐
dance at the plasma membrane allowing higher L-arginine uptake. From González et al. (2004, 2011).
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12. hCAT–1–mediated L–arginine transport regulated by insulin

In primary cultures of HUVEC in euglycemia conditions (i.e., containing 5 mM D-glucose) and
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pregnancy, such as pre-eclampsia (Mate et al., 2012) could occur.

13. Insulin receptors

Insulin generates its biological effects via activation of insulin receptors in the plasma mem‐
brane of endothelial cells of human umbilical vein (Zheng & Quon, 1996; Nitert et al., 2005)
and placental microvasculature (Desoye & Hauguel-de Mouzon, 2007; Hiden et al., 2009). The
gene coding the human insulin receptor is located on the short arm of chromosome 19 and
consists of 22 exons and 21 introns (Seino et al., 1989). The mature insulin receptor is a
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IR-A is predominantly expressed in the fetus and placenta, where it plays a role in embryonic
development (Frasca et al., 1999). These isoforms are also expressed in adult tissue, especially
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tissues, such as the liver, and associates with increased metabolic effects of insulin (Sciacca et
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in key tissues responsive to insulin may occur in patients with insulin resistance, but this role
is unclear in diabetes mellitus (Belfiore et al., 2009) and not reported in GD (Sobrevia et al.,
2011; Leiva et al., 2011; Pardo et al., 2012). A recent study shows that IR-A activation by insulin
activates a predominant metabolic signaling pathway (p42/p44mapk/Akt activity ratio >1)
instead of a predominant mitogenic signaling pathway (p42/p44mapk/Akt activity ratio <1), as
described in response to IR-B activation in the R- cell line of mouse embryonic fibroblasts
(Sciacca et al., 2010). These results suggest differential cell signaling pathways activated by
these insulin receptor subtypes (Genua et al., 2009; Sciacca et al., 2010). In fact, recently was
shown that hPMEC from GD exhibit a predominant metabolic phenotype compared with cells
from normal pregnancies, and that this phenotype could be reversed to a mitogenic, normal
phenotype (Salomón et al., 2012). Thus, a modulation of the expression level will, perhaps, has
a consequence in the metabolism of the endothelial cells of the fetoplacental unit in GD. Other
evidence suggests that a decrease in insulin response, as in Type 2 Diabetes Mellitus where
the predominant isoform is IR-A (Norgren et al., 1994), and in states of insulin resistance where
IR-A/IR-B increases in the skeletal muscle of patients with myotonic dystrophy type 1 (Savkur
et al., 2001) and 2 (Savkur et al., 2001; Phillips et al., 1998).

Insulin, insulin-like growth factor 1 (IGF1) and 2 (IGF2) generate various metabolic and mitogenic
effects through activation of receptors associated with tyrosine kinase activity on the surface of
the target cells. These hormones have high structural homology. The two receptors may act as
ligands for these molecules. At physiological concentrations insulin and IGF1 are attached only
to the insulin and IGF receptors, respectively. While, IGF2 receptor binds to IGF1 (IGFR1) and
IR-A (Frasca et al., 1999). The affinity of IGF2 by IR-A is less than that of insulin for this recep‐
tor (EC50 0.9 versus 2.5 nM, respectively), while the binding of IGF1 to IR-A is very high (EC50>30
nM). The affinity of IGF2 to IGFR1 is comparable to that of IGF1 (EC50 0.6 versus 0.2 nM,
respectively), where insulin binds weakly to this receptor (EC50>30 nM) (Pandini et al., 2002).
Therefore, there may be a differential response to insulin in the fetoplacental vasculature given
by preferential activation of one insulin receptor subtype in pregnancies with GD.

14. Insulin effects are modulated by adenosine

Insulin sensitivity is increased in rats supplemented with adenosine in the diet (Ardiansyah et
al., 2010). These data are complemented by similar observations described in diabetic rat
adipocytes (Joost & Steinfelder, 1982), nondiabetic rat skeletal muscle (Vergauwen et al., 1995),
and patients with TIDM who received an infusion of adenosine (Srinivasan et al., 2005) (Table
3). In other studies, adenosine, agonists and antagonists concentration of adenosine receptors,
and insulin used was greater than 100 nM, suggesting for adenosine receptors, that the activa‐
tion and inhibition of this receptors was complete, and for insulin, involving IR-A, IR-B, and IGF
receptors in the system. However, in some studies the concentration of insulin that was used is
relatively selective for the receptors of insulin, suggesting the possibility that activation of
adenosine receptors increases insulin effect (Webster et al., 1996; Ciaraldi et al., 1997; Sundell et
al., 2002; Srinivasan et al., 2005). Similarly, oyther groups show that inhibition of adenosine
receptors blocks the effect of insulin mediated only by the insulin receptor (Pawelczyk et al.,
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2005; Dhalla et al., 2008). Moreover, the expression and activation of adenosine receptors reduces
plasma levels of D-glucose, due to increased release and the biological effect of insulin in diabetic
rats (Johansson et al.,  2006; Németh et al.,  2007; Töpfer et al.,  2008).  Activation of A1AR
(Vergauwen et al., 1994) or decreased expression A2BAR (Ardiansyah et al., 2010; Figler et al.,
2011), results in an increased sensitivity to insulin, but there is no information about the specific
mechanisms explaining the biological actions of adenosine (Burnstock et al., 2006; San Martín &
Sobrevia, 2006; Mundell & Kelly, 2010). The activation of the A2BAR, but to a lesser degree than
the A1AR, prevents the development of diabetes in mouse (Németh et al., 2007). However, a
study in C57BL/6J mice suggests that insulin sensitivity decreases by activation of A2BAR, except
in the knockout mouse for this receptor, suggesting that A2BAR is involved in the phenomen‐
on of insulin resistance (Figler et al., 2011). This finding opens the possibility that the increase
and/or inhibition of the expression or activity of ARs may be associated as a protective mecha‐
nism against this syndrome. Recently, we have published that A2AAR activation in HUVEC from
normal pregnancies modulate insulin effect on hCAT-1-mediated L-arginine transport and
expression (Guzmán-Gutiérrez et al., 2012a). Interestingly, we saw that in HUVEC from GD
insulin reversed GD-increased hCAT-1-mediated L-arginine transport, a mechanism that is
dependent on A1AR activation (Guzmán-Gutiérrez et al., 2012b). Based on these findings, a
possible cross talk between the adenosine receptors and insulin receptors is feasible. This
phenomenon could create a potential regulatory mechanism of the biological actions of insulin
in the fetoplacental vasculature in GD (Figure 5).

Figure 5. Adenosine/insulin signaling axis involvement in the L-arginine transport in HUVEC. Insulin acting via
insulin receptors (IR) increases (+) human cationic amino acid (hCAT-1)-mediated L-arginine transport in HUVEC from
normal pregnancies (Normal). This biological action of insulin requires (+) activation of A2A (A2A), but not on A1 adeno‐
sine receptors (A1) by adenosine. In HUVEC from gestational diabetes insulin decreases (–) the hCAT-1 mediated L-
arginine transport (dotted arrow), which was elevated in cells from this syndrome to values in cells from normal
pregnancies. This biological action of insulin requires (+) activation of A1, but not on A2A adenosine receptors by ade‐
nosine. From Guzmán-Gutiérrez et al. (2011, 2012a,b)
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effects through activation of receptors associated with tyrosine kinase activity on the surface of
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by preferential activation of one insulin receptor subtype in pregnancies with GD.
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al., 2010). These data are complemented by similar observations described in diabetic rat
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and insulin used was greater than 100 nM, suggesting for adenosine receptors, that the activa‐
tion and inhibition of this receptors was complete, and for insulin, involving IR-A, IR-B, and IGF
receptors in the system. However, in some studies the concentration of insulin that was used is
relatively selective for the receptors of insulin, suggesting the possibility that activation of
adenosine receptors increases insulin effect (Webster et al., 1996; Ciaraldi et al., 1997; Sundell et
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plasma levels of D-glucose, due to increased release and the biological effect of insulin in diabetic
rats (Johansson et al.,  2006; Németh et al.,  2007; Töpfer et al.,  2008).  Activation of A1AR
(Vergauwen et al., 1994) or decreased expression A2BAR (Ardiansyah et al., 2010; Figler et al.,
2011), results in an increased sensitivity to insulin, but there is no information about the specific
mechanisms explaining the biological actions of adenosine (Burnstock et al., 2006; San Martín &
Sobrevia, 2006; Mundell & Kelly, 2010). The activation of the A2BAR, but to a lesser degree than
the A1AR, prevents the development of diabetes in mouse (Németh et al., 2007). However, a
study in C57BL/6J mice suggests that insulin sensitivity decreases by activation of A2BAR, except
in the knockout mouse for this receptor, suggesting that A2BAR is involved in the phenomen‐
on of insulin resistance (Figler et al., 2011). This finding opens the possibility that the increase
and/or inhibition of the expression or activity of ARs may be associated as a protective mecha‐
nism against this syndrome. Recently, we have published that A2AAR activation in HUVEC from
normal pregnancies modulate insulin effect on hCAT-1-mediated L-arginine transport and
expression (Guzmán-Gutiérrez et al., 2012a). Interestingly, we saw that in HUVEC from GD
insulin reversed GD-increased hCAT-1-mediated L-arginine transport, a mechanism that is
dependent on A1AR activation (Guzmán-Gutiérrez et al., 2012b). Based on these findings, a
possible cross talk between the adenosine receptors and insulin receptors is feasible. This
phenomenon could create a potential regulatory mechanism of the biological actions of insulin
in the fetoplacental vasculature in GD (Figure 5).

Figure 5. Adenosine/insulin signaling axis involvement in the L-arginine transport in HUVEC. Insulin acting via
insulin receptors (IR) increases (+) human cationic amino acid (hCAT-1)-mediated L-arginine transport in HUVEC from
normal pregnancies (Normal). This biological action of insulin requires (+) activation of A2A (A2A), but not on A1 adeno‐
sine receptors (A1) by adenosine. In HUVEC from gestational diabetes insulin decreases (–) the hCAT-1 mediated L-
arginine transport (dotted arrow), which was elevated in cells from this syndrome to values in cells from normal
pregnancies. This biological action of insulin requires (+) activation of A1, but not on A2A adenosine receptors by ade‐
nosine. From Guzmán-Gutiérrez et al. (2011, 2012a,b)
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15. Concluding remarks

GD associates with endotelial dysfunction in the fetoplacental macro and microcirculation
associated with an increase in NO synthesis and hCAT-1 mediated L-arginine transport.
Hyperinsulinemia and high plasma adenosine in umbilical blood in GD, suggest the involve‐
ment of these molecules in this syndrome. A2AAR and insulin receptors increase hCAT-1 and
eNOS activity and expression in HUVEC from normal, while HUVEC from GD, activation of
A2AAR would be part of mechanism that explain the increase of NO synthesis (i.e., ALANO
pathway). In other hands, it has been proposed that insulin acts as a factor that reverses GD-
increased NO synthesis and L-arginine transport to values in cells from normal pregnancies.
This insulin dual effect can be explained for a differential expression of IR-A and IR-B in normal
and GD pregnancies. Insulin effects are dependet on activation of ARs in several cell types,
suggesting that adenosine should be act as an isoform insulin receptor activity regulator. Thus,
regarding the GD association with increased hCAT-1 expression and activity, there are several
not still answered, for example, how is insulin decreasing hCAT-1 activity and expression?,
and is adenosine a modulator of the expression and associated signaling of the isoforms of
insulin receptors in GD?. Answering these (and other) questions will help us understand
insulin mechanisms, opening the possibility to study potential treatment for insulin resistence
pathologies including GD.

Acknowledgements

We are thankfull to the personnel at the Hospital Clínico Pontificia Universidad Católica de
Chile labour ward for their support in the supply of placentas.This research was supported by
Fondo Nacional de Desarrollo Científico y Tecnológico (FONDECYT 1110977, 11110059,
3130583), Programa de Investigación Interdisciplinario (PIA) from Comisión Nacional de
Investigación en Ciencia y Tecnología (CONICYT, Anillos ACT-73) (Chile) and CONICYT
Ayuda de Tesis (CONICYT AT-24120944). EG-G and PA hold CONICYT-PhD (Chile) fellow‐
ships. FP was the recipient of a postdoctoral position (CONICYT PIA Anillos ACT-73 post‐
doctoral research associate at CMPL, Pontificia Universidad Católica de Chile (PUC)). PA is
the recipient of a Faculty of Medicine (PUC) PhD fellowship.

Author details

Enrique Guzmán-Gutiérrez*, Pablo Arroyo, Fabián Pardo, Andrea Leiva and Luis Sobrevia

*Address all correspondence to: elguzman@uc.cl, sobrevia@med.puc.cl

Cellular and Molecular Physiology Laboratory (CMPL), Division of Obstetrics and Gynae‐
cology, School of Medicine, Faculty of Medicine, Pontificia Universidad Católica de Chile,
Santiago, Chile

Gestational Diabetes - Causes, Diagnosis and Treatment62

References

[1] Albritton LM, Bowcock AM, Eddy RL, Morton CC, Tseng L, et al. The human cation‐
ic amino acid transporter (ATRC1): physical and genetic mapping to 13q12-q14. Ge‐
nomics 12: 430-434.

[2] Aljada A, Ghanim H, Saadeh R, Dandona P. (2001) Insulin inhibits NFkappaB and
MCP-1 expression in human aortic endothelial cells. J Clin Endocrinol Metab 86:
450-453.

[3] American diabetes association (ADA).(2004) Gestational diabetes mellitus. Diabetes
Care 27: S88-S90.

[4] American Diabetes Association.(2012) Diagnosis and Classification of Diabetes Melli‐
tus. Diabetes care 35: S64-S71.

[5] Arancibia-Garavilla Y, Toledo F, Casanello P, Sobrevia L. (2003) Nitric oxide synthe‐
sis requires activity of the cationic and neutral amino acid transport system y+L in
human umbilical vein endothelium. Exp Physiol 88: 699-710.

[6] Ardiansyah HS, Yumi S, Takuya K, Michio K. (2010) Anti-metabolic syndrome ef‐
fects of adenosine ingestion in stroke-prone spontaneously hypertensive rats fed a
high-fat diet. Br J Nutr 104: 48-55.

[7] Aulak KS, Liu J, Wu J, Hyatt SL, Puppi M, et al. (1996) Molecular sites of regulation
of expression of the rat cationic amino acid transporter gene. J Biol Chem 271:
29799-29806.

[8] Aulak KS, Mishra R, Zhou L, Hyatt SL, de Jonge W, et al. (1999) Post-transcriptional
regulation of the arginine transporter Cat-1 by amino acid availability. J Biol Chem
274: 30424-30432.

[9] Baldwin AS Jr. (1996) The NF-kappa B and I kappa B proteins: new discoveries and
insights. Annu Rev Immunol 14: 649-683.

[10] Baldwin SA, Beal PR, Yao SY, King AE, Cass CE, et al. (2004) The equilibrative nu‐
cleoside transporter family, SLC29. Pflugers Arch 447: 735-743.

[11] Banfi C, Eriksson P, Giandomenico G, Mussoni L, Sironi L, et al. (2001) Transcription‐
al regulation of plasminogen activator inhibitor type 1 gene by insulin: insights into
the signaling pathway. Diabetes 50: 1522-1530.

[12] Barrett HL, Morris J, McElduff A. (2009) Watchful waiting: a management protocol
for maternal glycaemia in the peripartum period. Aust N Z J Obstet Gynaecol 49:
162-167.

[13] Bar-Yehuda S, Stemmer SM, Madi L, Castel D, Ochaion A, et al. (2008) The A3 adeno‐
sine receptor agonist CF102 induces apoptosis of hepatocellular carcinoma via de-

The Adenosine–Insulin Signaling Axis in the Fetoplacental Endothelial Dysfunction in Gestational Diabetes
http://dx.doi.org/10.5772/55627

63



15. Concluding remarks

GD associates with endotelial dysfunction in the fetoplacental macro and microcirculation
associated with an increase in NO synthesis and hCAT-1 mediated L-arginine transport.
Hyperinsulinemia and high plasma adenosine in umbilical blood in GD, suggest the involve‐
ment of these molecules in this syndrome. A2AAR and insulin receptors increase hCAT-1 and
eNOS activity and expression in HUVEC from normal, while HUVEC from GD, activation of
A2AAR would be part of mechanism that explain the increase of NO synthesis (i.e., ALANO
pathway). In other hands, it has been proposed that insulin acts as a factor that reverses GD-
increased NO synthesis and L-arginine transport to values in cells from normal pregnancies.
This insulin dual effect can be explained for a differential expression of IR-A and IR-B in normal
and GD pregnancies. Insulin effects are dependet on activation of ARs in several cell types,
suggesting that adenosine should be act as an isoform insulin receptor activity regulator. Thus,
regarding the GD association with increased hCAT-1 expression and activity, there are several
not still answered, for example, how is insulin decreasing hCAT-1 activity and expression?,
and is adenosine a modulator of the expression and associated signaling of the isoforms of
insulin receptors in GD?. Answering these (and other) questions will help us understand
insulin mechanisms, opening the possibility to study potential treatment for insulin resistence
pathologies including GD.
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1. Introduction

Gestational diabetes mellitus (GDM) is a glucose intolerance of varying severity with onset or
first recognition, during pregnancy that complicates 2–4% of pregnancies (Ben-Haroush et al
2004, American Diabetes Association 2005, NICE Guidelines 2008). Both patients with GDM,
and their offspring, have greater risk of developing type 2 diabetes later in life (Damn 1998).
There is a close relationship between GDM and prediabetes state in addition to the risk of
future deterioration in insulin resistance and ultimate development of overt type 2 diabetes
mellitus (Kjos et al 1999). Diabetes in pregnancy is increasing and therefore it is important to
raise awareness of the associated health risks to the mother, the growing fetus, and the future
child. Perinatal mortality and morbidity is increased in diabetic pregnancies through increased
stillbirths and congenital malformation rates (Canadian Diabetes association 2003, HAPO
2008, RCOG SAC 2011). These are mainly the result of early fetal exposure to maternal
hyperglycaemia. In the mother, pregnancy may lead to worsening or development of diabetic
complications such as retinopathy, nephropathy, and hypoglycaemia (Ali and Dornhorst
2011). Although glycaemic control is important in reducing microvascular complications due
to diabetes in pregnancy, it has not reduced the rate of congenital anomalies, macrosomia and
other adverse outcomes (Canadian Diabetes Association 2003). This may be as a result of our
lack of understanding of the epidemiology and pathogenesis of GDM (Omu et al. 2010),
especially the role of inflammation, cytokines and lipid metabolism.

1.1. The main objectives of this review are to draw attention to

a. The epidemiology, genetics and immunological basis of GDM

© 2013 Omu; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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b. Elucidate the effect of lipid metabolism and lipid peroxidation, oxidative stress on
antioxidant gene expression and other inflammatory cytokines.

c. Investigate the role of risk factors including obesity and adipokines like adiponectin,
leptin and tumor necrosis factor alpha, acute phase proteins like C-reactive protein (C-
RP), IL-6 and plasminogen activation inhibitor -1 (PAI-1) and proinflammatory Cytokines
and the mechanisms involved in the pathogenesis.

d. Highlight the role of intervention strategy in the prevention of progression of GDM to
type 2 Diabetes Mellitus and alteration of Maternal effects of GDM

2. Epidemiology of gestational diabetes mellitus

Gestational diabetes has been recognised as a heterogenous disorder of glucose intolerance
(Kjos et al 1999, Metzger et al 2010, and Omu et al 2011). Unfortunately, comparisons of
frequencies of GDM among various populations is difficult because, there are differences in
screening programmes and diagnostic criteria (Butte 2000, Ben-Haroush et al 2004, Buchanan
et al 2007). There is an urgent need to develop and unify appropriate diabetic diagnostic and
prevention strategies and address potentially modifiable risk factors such as obesity.

2.1. Diagnostic criteria of gestational diabetes mellitus (GDM)

Historically, the diagnosis of gestational diabetes mellitus (GDM), like diabetes mellitus in
general, has been by measuring the fasting plasma glucose level and performing an oral
glucose tolerance test (OGGT) with the threshold as shown in Table 1. In 2010, the American
Diabetic Association added haemoglobin A1c (Hb A1c) as a diagnostic tool for individual with
type 2 diabetes mellitus with a threshold fixed at 6.5 % for diagnosis. It was however, not
recommended for use in GDM.

mg/dl mmol/L

100g glucose load

Fasting 95 5.3

1 hour 180 10.0

2 hour 155 8.6

3 hour 140 7.8

75 g glucose load

Fasting 95 5.3

1 hour 180 10.0

2 hour 155 8.6

Table 1. Diagnosis of Gestational Diabetes Mellitus (GDM)

For diagnosis of GDM, 2 values in each diagnostic group must be met or exceeded (ADA 2011).
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According to the NICE guidelines No 63 (2008), screening for GDM using fasting plasma
glucose, random blood glucose, glucose challenge test and urinalysis for glucose, should not
be recommended. Instead a 2 hour 75 g OGTT should be done at 24-28 weeks of gestation.

2.2. Non-genetic factors

Ethnicity, old age, family history, obesity and high fat diet and sedentary lifestyle, represent
some important non-genetic identifiable predisposing factors for GDM, and in the absence
of  risk  factors,  there  is  low  incidence  of  GDM.  Ethnicity  has  been  proven  to  be  an
independent risk factor for GDM (Dooley et al 1991, Weerakiet et al.  2004) which varies
in prevalence in direct proportion to the prevalence of Type 2 diabetes in a given popula‐
tion or ethnic group. Women with an early diagnosis of GDM, in the first half of pregnan‐
cy, represent a high-risk subgroup, with an increased incidence of obstetric complications,
recurrent GDM in subsequent pregnancies, and future development of Type 2 diabetes(Ben-
Housah et al 2004, Buchanan et al 2007). There is a strong association between Gestation‐
al  Diabetes  Mellitus  and  women  with  diagnosed  Polycystic  Ovary  Syndrome  (PCOS)
(Weerakiet  et  al  2004,  Lo  et  al  2006).  The  prevalence  of  GDM is  increasing  worldwide
because of the obesity epidemic and the increasing sedentary lifestyle and the attractive
high caloric intake and need for insulin for glycaemic control (Bray et al 2003, Hedley et
al 2004, Callagher et al 2008, Kulie et al. 2011, WHO 2011).

2.3. Postpartum diabetes mellitus

Gestational Diabetes Mellitus increases the risk of developing Type1 and Type 2 diabetes
mellitus. Risk estimates for type 2 Diabetes is 17 to 68 percent within 5-16 years after pregnancy
(O’Sullivan 1991, Hanna et al. 2002, Ben-Housah et. al 2004). The risk factors for postpartum
diabetes include islet autoantibody positivity, insulin requirement during pregnancy, Obesity
(Lauenborg et al 2004) and strong family history.

2.4. Genetics of GDM

GDM is considered to result from interaction between genetic and environmental risk factors.
Women with mutations in MODY (Maturity onset diabetes of the young) genes often present
with GDM. Genetic predisposition to GDM has been suggested given the occurrence of the
disease within family members. GDM is reported to be often present in women with mutation
of MODY gene mutations (Lapolla et al 1996, Ferber et al. 1999, Watanabe et al 2007). Candidate
susceptibility gene variants have been suggested to increase the risk of GDM. These genes
include glucokinase (GCK), HLA antigens, insulin receptor (INSR), insulin-like growth
factor-2 (IGF2), insulin gene (INS-VNTR), plasminogen activator inhibitor 1 (PAI-1), potassium
inwardly rectifying channel subfamily J, member 11 (KCNJ11), hepatocyte nuclear factor-4a
(HNF4A) (Love-Gregory and Permutt 2007). Identification of the possible underlying genetic
factors and mechanisms of the pathogenesis may contribute to the individualization of both
prevention and treatment of complications for the mother and fetus (Lambrinoudaki et al
2010). Furthermore, it may improve options to prevent GDM and the complications for the
mother and child (Shaat and Groop 2007). During pregnancy, pancreatic cells should by
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necessity, expand and produce more insulin to adapt to the needs of the pregnancy and the
growing baby. Hepatic Growth Factor (HGF) which interact with a surface receptor called c-
Met. HGF/c-Met pathway signaling, plays a key role in increasing insulin secretion during
pregnancy. The mechanisms in the maternal β-cells adaptation during pregnancy include
maternal β-cell hyperplasia by lactogens and HGF/c-Met (Ernst et al 2011). Loss of HGF/c-Met
Signaling in Pancreatic β-Cells leads to incomplete Maternal β-Cell Adaptation and Gesta‐
tional Diabetes Mellitus (Demirci et al 2012).

3. Lipid metabolism and gestational diabetes mellitus

3.1. Lipid and lipoproteins

Hyperlipidemia is a common comorbidity among patients with diabetes mellitus (Anger et al
2011, Koukkou et al 2011). A recent study has found an association between cholesterol intake
and GDM (Gonzalez-Clemente et al. 2007 ). In the placenta, expressions of key proteins
involved in de novo lipid synthesis are affected by changes in maternal metabolism (hyper‐
cholesterolemia and GDM) that may subsequently affect fetal development and result in
asymmetric macrosomia. In addition, impaired placental function gives rise to significant
increases in LDL, Apo-B-100 and triglyceride in maternal serum with increased levels of fatty
acid synthase (FAS) and SREBP-2 expression and inflammatory cytokines (IL-1β and TNF-α)
in placenta (Marseille-Trembley et al 2008). This may give rise to trend towards an increased
risk of cardiovascular disease (Gonzalez-Clemente et al. 2007).

3.2. Free fatty acids

Free fatty acids (FFA) are the main circulating lipid fuel. FFA released from visceral depot
appear to serve as a marker of systemic insulin resistance and associated increases in cardio‐
vascular risk (Sivan et al 1999, Catalano et al 2002, Jensen 2006). This has been attributed to
apoptosis of pancreatic beta cells through pathway involving caspase and ceramide as a
mechanism underlying FFA induced impairment of beta –cell function (Turpin et al 2006).
Hyperglycaemia and elevated FFA may act synergistically in causing damage to beta cells (El-
Assaad et al 2003) and decreases ability of insulin to suppress free fatty acids with advancing
gestation with GDM (Darmady and Postle 1982). In a recent report, Schaefer and Colleagues
(2011) demonstrated higher free fatty acids in the cord blood of those neonates from mothers
with gestational diabetes, indicating their enhanced placental transport and/or enhanced
lipolysis as a result of decreased insulin responsiveness (Kautzky-Willer et al 2003).

3.3. Effects of lipid peroxidation

The markers of lipid oxidation, especially malondialdehyde (MDA) increased with hypergly‐
caemia (Davi et al. 2005). Lipid peroxidation is a crucial process generated naturally in the
body, mainly by the effect of several reactive oxygen species such as hydroxyl radical,
hydrogen peroxide and superoxide. These reactive oxygen species readily attack the polyun‐
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saturated fatty acids of the fatty acid membrane, initiating a self-propagating chain reaction
(Hanachi et al. 2009). The destruction of membrane lipids and the end-products of such lipid
peroxidation reactions cause cell damage. Enzymatic (catalase, superoxide dismutase) and
nonenzymatic (vitamins A and E) natural antioxidant defense mechanisms exist; however,
these mechanisms may be overcome, causing lipid peroxidation to take place. Lipid peroxi‐
dation has been implicated in disease states such as atherosclerosis, asthma, Parkinson's
disease, kidney damage and preeclampsia (Mylonas and Kouretas 1999, Veskoukis et al 2012)

3.4. Effect of lipid metabolism on neonatal outcome

The development of diabetes in pregnancy induces a state of dyslipidemia, characterized by
a high triglyceride concentration (Koukkon et al 1996,) and associated with disturbance of fetal
development with modification of key features of placental function (Marseille-Tremblay
2008). GDM patients with macrosomic fetuses are associated with higher lipid and lipoprotein
concentrations than in control patients (Mersouk et al. 2000).

8-Isoprostane is a product of lipid peroxidation that can be used as a measure of free radical
exposure or injury. Periventricular-intraventricular hemorrhage, necrotizing enterocolitis,
chronic lung disease and retinopathy of prematurity have been referred to as oxygen radical
diseases (ORD) because they are thought to be related to excess oxidant stress relative to anti-
oxidant defenses in premature infants (Weinberger et al 2006). Umbilical cord venous, but not
arterial, 8-isoprostane levels are associated with mortality and the development of one or more
of the ORD. In a study, serum triglyceride, total cholesterol, and LDL-c concentrations were
higher in the SGA neonates than in AGA neonates, whereas high-density lipoprotein choles‐
terol concentrations were similar, suggesting a limited ability to clear intravenous lipids in
SGA infants (Arends et al 2005). These findings are in agreement with many previous studies
in adults and children that show that low birth weight was significantly associated with a less
favorable lipid profile (Mortaz et al 2001). Hyperinsulinemia is known to enhance hepatic very-
low-density lipoprotein synthesis, which may contribute to increased plasma triglycerides and
LDL-c levels. Resistance to the action of insulin on lipoprotein lipase in peripheral tissues may
also contribute to elevated triglyceride and LDL-c levels. (Barker et al 1993).

3.5. Adipose tissue as an endocrine organ

The discovery of leptin in the mid-1990s has focused attention on the role of proteins secreted
by adipose tissue (Wang et al 2004). Leptin has profound effects on appetite and energy
balance, and is also involved in the regulation of neuroendocrine and immune function. Sex
steroid and glucocorticoid metabolism in adipose tissue have been implicated as a determinant
of body fat distribution and cardiovascular risk. Other adipose products, include other
adipokines such as adiponectin, proinflammatory cytokines such as TNF-alpha and IL-6, C-
Reactive Protein, complement factors (Cipollini et al 1999, Coppack 2001) and components of
the coagulation/fibrinolytic cascade like plasminogen activation inhibitor-1 (PAI-1), that may
mediate the metabolic and cardiovascular complications associated with obesity and insulin
resistance (Ahima and Flier 2000, Hutley and Prins 2005, Jensen 2006).).
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4. Immunology of gestational diabetes

Pregnancy represents a distinct immunologic state in the fetus that acts as an allograft to the
mother, needing protection against potential rejection. There is some evidence that inflamma‐
tion and activated innate immunity is associated with the pathogenesis of Type 2 Diabetes
(Pickup 2004), but this needs comfirmation, especially in GDM.

4.1. Humoral reactivity in pregnancy

The placental HLA-G proteins facilitate semiallogeneic pregnancy by inhibiting maternal
immune responses to foreign (paternal) antigens via their actions on immune cells is now well
established, and the postulate that the recombinant counterparts of these proteins may be used
as powerful tools for accommodating the fetus and prevent immune rejection (Hunt et. al
2005). Humoral immune-reactivity does not change much during pregnancy, with the
exception of lowered immunoglobulin G concentration at late phase, probably explained by
placental transport. Regarding cellular immunity, the reduction, elevation, and lack of
variation in the number of different lymphocytic populations, have been reported (Mahmoud
et al 2005, 2006).

4.2. Autoimmune GDM

Multiple autoimmune disturbances may be manifested during pregnancy (Leiva et al 2008).
Ferber and Associates (1999) have demonstrated that women with GDM who have islet
autoantibodies at delivery or develop IDDM postpartum have HLA alleles typical of late-onset
type 1 diabetes, and that both HLA typing and islet antibodies can therefore predict the
development of postpartum IDDM. Freinkel et al. (1986) first proposed what may be defined
as autoimmune GDM; that GDM entails genotypic and phenotypic diversity which may
include patients with slowly evolving type 1 diabetes (Mauricio and Leiva 2001, Lapolla et al
2009). There is current consensus that autoimmune GDM is a heterogeneous condition that
accounts for 10% of all Caucasian women diagnosed with GDM (Mauricio et al 1996). As a
high-risk group for type 1 diabetes, women with previous autoimmune GDM may be candi‐
dates for potential immune intervention strategies (Mauricio et al 2001).

4.3. Cellular immune response and gestational diabetes

There is a significant increase in the absolute number of total and activated (CD3+HLA-DR+)
T lymphocytes and a significant increase in the absolute number and percentage of suppressor/
cytotoxic T lymphocytes (CD8) and NK lymphocytes (CD57) in GDM patients compared with
normal pregnant controls (Mahmoud et al.2006). Concerning frequency for HLA A, B, C, DR
antigens in the GDM population, only Cw7 was found to be significantly increased and A10

significantly decreased in comparison with controls (Lapolla et al 1996). When compared with
healthy pregnant women, both GDM cohorts showed higher percentages CD4+CD25+ (P <
0.05), CD4+CD45RO+ (P < 0.05) and CD4+CD29+ (Mahmoud et al 2005).

Gestational Diabetes - Causes, Diagnosis and Treatment84

5. The placenta is a target of cytokines: maternal and fetal influences

There is a robust cytokine network in the placenta with diverse pathogenesis and effects on
the development of the fetus.

5.1. Bidirectional nature of cytokine at the fetal-maternal interface

Subpopulations of T helper lymphocytes (CD3+/CD4+) can be classified as either T helper 1
(Th1) or T helper 2 (Th2) cells depending on their cytokine profiles. Th2 cells selectively
produce interleukins (IL)‐4, IL‐5, IL‐6, IL‐9, IL‐10 and IL‐13, and are involved in the develop‐
ment of humoral immunity against extracellular pathogens but inhibit several functions of
phagocytic cells. In contrast to this, Th1 cells produce interferon‐γ (IFN‐γ), IL‐2 and tumour
necrosis factor‐α (TNF‐α) and evoke cell‐mediated immunity and phagocyte‐dependent
inflammation (Mosmann et al 1989, Mosmann and Moore 1991, Romagnani 2000). Cytokines
are mainly produced by cells of the immune system, NK cells, and macrophages in response
to an external stimulus such as stress, injury, and infection. Adipose tissue represents an
additional source of cytokines, making possible a functional cooperation between the immune
system and metabolism (Guerre-Miller 2004, Radaelli et al. 2005).

5.2. The role of adipokines and other inflammatory markers

Research  has  recently  focused  on  a  group  of  substances  produced  mainly  by  adipose
tissue called adipokines,  this  group includes,  among others,  adiponectin,  leptin,  Retinol-
Binding Protein-4  (RBP-4),  and resistin.  These substances  as  well  as  other  inflammatory
mediators  (CRP,  IL-6,  PAI-1,  TNF-α)  seem  to  play  an  important  role  in  glucose  toler‐
ance  and  insulin  sensitivity  dysregulation  in  women  with  GDM  (Thyfault  et  al  2005,
Defalu  2009).  There  are  two  main  pathways  leading  to  GDM  and  T2DM:  insulin
resistance  and  chronic  subclinical  inflammation.  Insulin  resistance  is  caused  by  the
inability  of  tissues  to  respond  to  insulin  and  the  deficient  secretion  of  insulin  by
pancreatic  beta  cells  (Vrachnis  et  al  2012).  Inflammatory  processes  have  a  robust
contribution to  the pathogenesis  of  dysglycemia condition and acute  phase inflammato‐
ry  response  is  a  risk  factor  for  T2DM and cardiovascular  disease  [Pickup et  al.  2004  ].
Obesity  has  a  role  in  the  development  of  both  T2DM  and  GDM  through  chronic
subclinical  inflammation,  low-grade activation of  the acute phase response,  and dysregu‐
lation  of  adipokines  (Yudkin  et  al  1999,  Greenberg  et  al  2002).  Increased  levels  of
inflammatory  agents  during  and  after  pregnancy  have  been  reported  in  patients  with
GDM,  while  increased  body  fat  has  been  strongly  associated  with  inflammation  and
adipocyte  necrosis,  hypoxia,  and  release  of  chemokines  which  cause  macrophages  to
infiltrate  adipose  tissue.  Macrophages  secrete  cytokines  which  activate  the  subsequent
secretion  of  inflammation  mediating  agents,  specifically  interleukin-6  (IL-6)  and  C-
reactive  protein  (CRP)  (Festa  et  al  2000).  Other  molecules  such  as  Plasminogen Activa‐
tor  Inhibitor  1  (PAI-1)  and  sialic  acid  lead  to  dysregulations  of  metabolism,
hyperglycemia,  insulin resistance,  and diabetes.  These are a  group of  substances that  are
produced  mainly  in  the  adipose  tissue.  The  group  includes  leptin,  adiponectin,  tumor
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necrosis  factor  alpha  (TNF-α),  retinol-binding  protein-4  (RBP-4),  resistin,  visfatin,  and
apelin.  These  molecules  are  involved  in  a  wide  range  of  physiological  processes
including  lipid  metabolism,  atherosclerosis,  blood  pressure  regulation,  insulin  sensitivi‐
ty,  and  angiogenesis,  while  they  also influence immunity  and  inflammation.  Their  levels
in  pathologic  states  appear  increased,  with  the  exception  of  adiponectin  which  shows
decreased levels  (Vrachnis  et  al  2012).

5.3. Adiponectin

Since the discovery of adiponectin in 1994 by Jeffrey M. Friedman (Zhang et al 1994), more
than 20 members of the adiponectin family have been identified (Klein et al 2002, Housa
et  al  2006).  Adiponectin  is  a  30-kDa  protein  that  is  synthesized  almost  exclusively  by
adipocytes.  It  exists  in  three  major  oligomeric  forms:  a  low-molecular-weight  trimer,  a
middle-molecular-weight  hexamer  and  high-molecular-weight  (HMW)  12-  to  18-mer
adiponectin.  It  is  an insulin-sensitizing and stimulates glucose uptake in skeletal  muscle
and reduces hepatic glucose production through AMP-activated protein kinase[Zavalza et
al 2008]. Circulating adiponectin levels are reduced in patients with GDM as compared to
healthy pregnant controls. Adiponectin mRNA is downregulated in placental tissue, while
circulating adiponectin concentrations are decreased postpartum in women with a history
of GDM. It also possesses antiatherogenic and anti-inflammatory properties [Chandran et
al  2003,  Wiecek  et  al  2007].  The  levels  of  adiponectin  decrease  as  visceral  fat  increases
[Cnop etal 2003, Weyer et al 2001, Hotta et al 2000, Shondorf et.  al 2005] in such condi‐
tions  as  central  obesity,  insulin  resistance,  and  diabetes  mellitus.  Reduced  adiponectin
levels have notably been associated with subclinical inflammation [Retnakaran et al 2003].
It has been shown that adiponectin levels begin to decrease early in the pathogenesis of
diabetes, as adipose tissue increases in tandem with reduction in insulin sensitivity [Hotta
et  al  2001].  Hypoadiponectinemia  has  also  been  associated  with  beta  cell  dysfunction
[Musso et al 2005, Retnakaran et al 2005)], while it has additionally been linked to future
development  of  insulin  resistance  and  type  2  diabetes  mellitus,  in  the  development  of
which adiponectin appears to have a causative role (Stefan et al 2002). As such, adiponec‐
tin may play a key role in mediating insulin resistance and beta cell  dysfunction in the
pathogenesis of  diabetes (Retnakaran et  al  2004,  Retnakaran et  al  2005).  Retnakaran and
Associates  (2005)  have  demonstrated  that  adiponectin  concentration  is  an  independent
correlate of pancreatic beta cell function in late pregnancy.

5.4. Leptin

Leptin is a 16-kDa protein hormone that is known to play a key role in the regulation of
energy  intake  and  energy  expenditure  and  in  a  number  of  physiological  processes
including  regulation  of  endocrine  function,  inflammation,  immune  response,  reproduc‐
tion and angiogenesis. The main function of leptin in the human body is the regulation of
energy expenditure and control  of  appetite.  Indeed,  lack of  leptin in mice with a muta‐
tion in the gene encoding leptin, or absence of functional leptin receptor (db/db mice) results
in obesity and many associated metabolic complications such as insulin resistance [Ceddia
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et al 2002)]. Leptin is a key molecule in obesity and it is predominantly produced by white
adipose  tissue  [Harvey  and  Ashford  2003].  Circulating  leptin  is  actively  transported
through the blood-brain barrier  and acts  on the hypothalamic satiety center  to decrease
food intake. Serum level of leptin reflects the amount of energy stored in the adipose tissue
and proportional to body fat mass [Fruhbeck 2006], i.e. increased in obese and decreased
after  several  months of  pronounced weight loss [Moschen et  al  2009,  Hegyi  et  al  2004].
Thus,  it  increases  insulin  sensitivity  by influencing insulin  secretion,  glucose utilization,
glycogen  synthesis  and  fatty  acid  metabolism,  regulates  gonadotrophin  releasing  hor‐
mone  secretion  from  the  hypothalamus  and  activates  the  sympathetic  nervous  system.
Leptin  acts  via  transmembrane  receptors  (OB-R),  which  belong  to  the  class  I  cytokine
receptor family, such as the receptors of interleukin-2 (IL-2), IL-3, IL-4, IL-6, IL-11, IL-12,
granulocyte colony-stimulating factor (G-CSF) or leukemia inhibitory factor (LIF).  OB-Rb
has  full  signaling capabilities  and is  able  to  activate  the  JAK/STAT pathway,  the  major
pathway used by leptin to exert  its  effects [Cirillo et  al  2008].  It  has receptors on many
other  cell  types  such as  adipocytes,  osteoclasts,  endothelial  cells,  lung and kidney cells,
mononuclear blood cells, muscle, endometrial and liver cells [Hegyi et al 2004].

5.5. Association between leptin and TNF-alpha and insulin resistance

Placental  leptin  mRNA  production  is  upregulated  by  tumour  necrosis  factor  (TNF)  α
and interleukin (IL)-6.  Most  studies have found increased leptin concentrations in GDM.
Moreover,  hyperleptinaemia  in  early  pregnancy  appears  to  be  predictive  of  an  in‐
creased  risk  to  develop  GDM  later  in  pregnancy  independent  of  maternal  adiposity
(Hotamistigil  et  al  1993,  Das  2002,  Kirwan  et  al  2002,).  The  human  placenta  expresses
virtually  all  known  cytokines  including  tumor  necrosis  factor  (TNF)-α,  resistin,  and
leptin,  which are also produced by the adipose cells  (Qasim etal  2008,  Rabe et  al.  2008).
The discovery that  some of  these adipokines as  key players  in the regulation of  insulin
action  suggests  possible  novel  interactions  between  the  placenta  and  adipose  tissue  in
understanding  pregnancy-induced  insulin  resistance,  which  is  evident  in  gestational
diabetes  mellitus (GDM) (Winzer et  al  2004).

5.6. Inflammatory mediators in diabetes mellitus

Gestational  diabetes  mellitus  is  characterized  by  an  amplification  of  the  low-grade
inflammation already existing in normal pregnancy (Retnakaran et al 2010). This hypothe‐
sis  is  supported  by  increased  circulating  concentrations  of  inflammatory  molecules  like
TNFα and IL-6 in GDM pregnancies.  TNFα is  one of  the candidate molecules responsi‐
ble  for  causing  insulin  resistance.  Comparison  of  the  placental  gene  expression  profile
between normal and diabetic pregnancies indicates that increased leptin synthesis in GDM
is associated with a higher production of proinflammatory cytokines, e.g. IL-6 and TNFα
causing a chronic inflammatory environment that enhances leptin production (Pickup et al
2000, Winkler et al 2002, Gao et al 2008). Thus, compared with normal pregnant women,
placental  leptin  expression  in  patients  with  GDM  is  increased.  Conversely,  leptin  itself
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The discovery that  some of  these adipokines as  key players  in the regulation of  insulin
action  suggests  possible  novel  interactions  between  the  placenta  and  adipose  tissue  in
understanding  pregnancy-induced  insulin  resistance,  which  is  evident  in  gestational
diabetes  mellitus (GDM) (Winzer et  al  2004).

5.6. Inflammatory mediators in diabetes mellitus

Gestational  diabetes  mellitus  is  characterized  by  an  amplification  of  the  low-grade
inflammation already existing in normal pregnancy (Retnakaran et al 2010). This hypothe‐
sis  is  supported  by  increased  circulating  concentrations  of  inflammatory  molecules  like
TNFα and IL-6 in GDM pregnancies.  TNFα is  one of  the candidate molecules responsi‐
ble  for  causing  insulin  resistance.  Comparison  of  the  placental  gene  expression  profile
between normal and diabetic pregnancies indicates that increased leptin synthesis in GDM
is associated with a higher production of proinflammatory cytokines, e.g. IL-6 and TNFα
causing a chronic inflammatory environment that enhances leptin production (Pickup et al
2000, Winkler et al 2002, Gao et al 2008). Thus, compared with normal pregnant women,
placental  leptin  expression  in  patients  with  GDM  is  increased.  Conversely,  leptin  itself
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increases production of TNFα and IL-6 by monocytes and stimulates the production of CC-
chemokine ligands. Elevated leptin concentrations in turn amplify inflammation

6. Link between inflammation and insulin resistance

In 1876 Ebstein asserted that sodium salicylate could make the symptoms of diabetes mellitus
totally disappear. Similarly, in 1901 Williamson found that “sodium salicylate had a definite
influence in greatly diminishing the sugar excretion”(Shoelson 2002, Shoelson et al 2006,
Cefalu 2009). Increased levels of markers and mediators of inflammation and acute-phase
reactants such as fibrinogen, C-reactive protein (CRP), IL-6, plasminogen activator inhibitor-1
(PAI-1), sialic acid, and white cell count correlate with incident T2D (Sternberg et al 1992, Bo
et al 2005, Kim et al. 2008). Markers of inflammation and coagulation are reduced with intensive
lifestyle intervention. This was confirmed in the diabetes prevention program (DPP Research
Group 2005). Experimental evidence have also confirmed that adipose tissue–derived proin‐
flammatory cytokines such as TNF-α could actually cause insulin resistance (Wolf et al 2003,
Dandona et al 2004, Hu et al 2004, Heitritter et al 2005). Hotamisligil and colleagues (1993,
1994 ) and Karasik and Colleagues (1993 ) first showed that the proinflammatory cytokine
TNF-α was able to induce insulin resistance. The concept of fat as a site for the production of
cytokines and other bioactive substances quickly extended beyond TNF-α to include leptin,
IL-6, resistin, monocyte chemoattractant protein-1 (MCP-1), PAI-1, angiotensinogen, visfatin,
retinol-binding protein-4, serum amyloid A (SAA), and others (Dandona et al 2004). Adipo‐
nectin is similarly produced by fat, but expression decreases with increased adiposity. While
leptin and adiponectin are true adipokines that appear to be produced exclusively by adipo‐
cytes, TNF-α, IL-6, MCP-1, visfatin, and PAI-1 are expressed as well at high levels in activated
macrophages and/or other cells(Baer et al 1998). Sites of resistin production are more complex;
they include macrophages in humans but both adipocytes and macrophages in rodents. TNF-
α, IL-6, resistin, and other pro- or antiinflammatory cytokines appear to participate in the
induction and maintenance of the subacute inflammatory state associated with obesity
(Thyfault et al 2005). MCP-1 and other chemokines have essential roles in the recruitment of
macrophages to adipose tissue. These cytokines and chemokines activate intracellular
pathways that promote the development of insulin resistance and T2D (Wu et al 2002, de
Victoria et al. 2009).

6.1. Mechanisms of insulin resistance by pro-inflammatory cytokines

The JNK (also referred to as SAPK) and p38 MAPKs are members of the complex superfamily
of MAP serine/threonine protein kinases. This superfamily also includes the ERKs (Lewis et
al 1998). In contrast to ERKs (also referred to as MAPKs), which are typically activated by
mitogens, JNK/SAPK and p38 MAPK are known as stress-activated kinases. This can be
attributed to the fact that the activities of these enzymes are stimulated by a variety of
exogenous and endogenous stress-inducing stimuli including hyperglycemia, ROS, oxidative
stress, osmotic stress, proinflammatory cytokines, heat shock, and UV irradiation (Tibbles et
al 1999). Many of the more typical proinflammatory stimuli simultaneously activate JNK and
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IKKβ pathways, including cytokines and TLRs (Seger and Krebs 1995). Concordantly, genetic
or chemical inhibition of either JNK or IKKβ/NF-κB can improve insulin resistance. The several
mechanisms have been postulated to explain how obesity activates JNK and NF-κB. These can
be separated into receptor (Lowes et al 2002) and nonreceptor pathways (Tamura et al 2002).
Proinflammatory cytokines such as TNF-α and IL-1β activate JNK and IKKβ/NF-κB through
classical receptor-mediated mechanisms that have been well characterized (Shen et al 2001,
Tournier et al 2001). JNK and IKKβ/NF-κB are also activated by pattern recognition receptors,
defined as surface proteins that recognize foreign substances. These include the Toll-like
receptors (TLRs) and the receptor for advanced glycation end products (RAGE). Many TLR
ligands are microbial products, including LPS and lipopeptides (Tamura et al 2002).

6.2. Transcription versus phosphorylation in the pathogenesis of insulin resistance

JNK is a stress kinase that normally phosphorylates the c-Jun component of the AP-1 tran‐
scription factor, but to date there are no known links between this well-established transcrip‐
tional pathway and JNK-induced insulin resistance. JNK has been shown to promote insulin
resistance through the phosphorylation of serine residues (Shen et al 2001, Tournier et al
2001). Insulin receptor signaling that normally occurs through a tyrosine kinase cascade is
inhibited by counterregulatory serine/threonine phosphorylations.

6.3. IKK β signaling pathway and insulin resistance

Unlike JNK, IKKβ does not phosphorylate IRS-1 to cause insulin resistance but causes insulin
resistance through transcriptional activation of NF-κB. Increased lipid deposition in adipo‐
cytes leads to the production of proinflammatory cytokines, including TNF-α, IL-6, IL-1β, and
resistin, which further activate JNK and NF-κB pathways through a feed-forward mechanism
(Hou et al 2008). In addition to the cytokines, there is upregulated expression of transcriptions
factors, receptors, and other relevant proteins including chemokines that recruit monocytes
and stimulate their differentiation into macrophages.

Cytokines and chemokines produced locally include MCP-1 and macrophage inflammatory
protein-1α (MIP-1α), MIP-1β, MIP-2, and MIP-3α. T cell activation leads to expression of IFN-
γ and lymphotoxin; macrophages, endothelial cells, and SMCs produce TNF-α; and together
these stimulate the local production of IL-6 in the atheroma

6.4. Oxidative stress and activation of JNK and NF-κB pathways

In addition to proinflammatory cytokine and pattern recognition receptors, cellular stresses
activate JNK and NF-κB, including ROS and ER stress. Elevated glucose cause oxidative stress
through (1) increased production of mitochondrial reactive oxygen species (ROS), (2) Non-
enzymatic glycation of proteins, (3) Glucose autoxidation (Elevated free fatty acids (FFA) and
beta oxidation (Tibbles et al 1999, Evans et al 2002, Lewis et al 2002. Muoio et al. 2008). Systemic
markers of oxidative stress increase with adiposity, consistent with a role for ROS in the
development of obesity-induced insulin resistance, (Ozdemir et al 2005). One potential
mechanism is through the activation of NADPH oxidase by lipid accumulation in the adipo‐
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α, IL-6, resistin, and other pro- or antiinflammatory cytokines appear to participate in the
induction and maintenance of the subacute inflammatory state associated with obesity
(Thyfault et al 2005). MCP-1 and other chemokines have essential roles in the recruitment of
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Victoria et al. 2009).
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The JNK (also referred to as SAPK) and p38 MAPKs are members of the complex superfamily
of MAP serine/threonine protein kinases. This superfamily also includes the ERKs (Lewis et
al 1998). In contrast to ERKs (also referred to as MAPKs), which are typically activated by
mitogens, JNK/SAPK and p38 MAPK are known as stress-activated kinases. This can be
attributed to the fact that the activities of these enzymes are stimulated by a variety of
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al 1999). Many of the more typical proinflammatory stimuli simultaneously activate JNK and

Gestational Diabetes - Causes, Diagnosis and Treatment88

IKKβ pathways, including cytokines and TLRs (Seger and Krebs 1995). Concordantly, genetic
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mechanisms have been postulated to explain how obesity activates JNK and NF-κB. These can
be separated into receptor (Lowes et al 2002) and nonreceptor pathways (Tamura et al 2002).
Proinflammatory cytokines such as TNF-α and IL-1β activate JNK and IKKβ/NF-κB through
classical receptor-mediated mechanisms that have been well characterized (Shen et al 2001,
Tournier et al 2001). JNK and IKKβ/NF-κB are also activated by pattern recognition receptors,
defined as surface proteins that recognize foreign substances. These include the Toll-like
receptors (TLRs) and the receptor for advanced glycation end products (RAGE). Many TLR
ligands are microbial products, including LPS and lipopeptides (Tamura et al 2002).

6.2. Transcription versus phosphorylation in the pathogenesis of insulin resistance

JNK is a stress kinase that normally phosphorylates the c-Jun component of the AP-1 tran‐
scription factor, but to date there are no known links between this well-established transcrip‐
tional pathway and JNK-induced insulin resistance. JNK has been shown to promote insulin
resistance through the phosphorylation of serine residues (Shen et al 2001, Tournier et al
2001). Insulin receptor signaling that normally occurs through a tyrosine kinase cascade is
inhibited by counterregulatory serine/threonine phosphorylations.

6.3. IKK β signaling pathway and insulin resistance

Unlike JNK, IKKβ does not phosphorylate IRS-1 to cause insulin resistance but causes insulin
resistance through transcriptional activation of NF-κB. Increased lipid deposition in adipo‐
cytes leads to the production of proinflammatory cytokines, including TNF-α, IL-6, IL-1β, and
resistin, which further activate JNK and NF-κB pathways through a feed-forward mechanism
(Hou et al 2008). In addition to the cytokines, there is upregulated expression of transcriptions
factors, receptors, and other relevant proteins including chemokines that recruit monocytes
and stimulate their differentiation into macrophages.

Cytokines and chemokines produced locally include MCP-1 and macrophage inflammatory
protein-1α (MIP-1α), MIP-1β, MIP-2, and MIP-3α. T cell activation leads to expression of IFN-
γ and lymphotoxin; macrophages, endothelial cells, and SMCs produce TNF-α; and together
these stimulate the local production of IL-6 in the atheroma

6.4. Oxidative stress and activation of JNK and NF-κB pathways

In addition to proinflammatory cytokine and pattern recognition receptors, cellular stresses
activate JNK and NF-κB, including ROS and ER stress. Elevated glucose cause oxidative stress
through (1) increased production of mitochondrial reactive oxygen species (ROS), (2) Non-
enzymatic glycation of proteins, (3) Glucose autoxidation (Elevated free fatty acids (FFA) and
beta oxidation (Tibbles et al 1999, Evans et al 2002, Lewis et al 2002. Muoio et al. 2008). Systemic
markers of oxidative stress increase with adiposity, consistent with a role for ROS in the
development of obesity-induced insulin resistance, (Ozdemir et al 2005). One potential
mechanism is through the activation of NADPH oxidase by lipid accumulation in the adipo‐
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cyte, which increases ROS production. This mechanism was shown to increase the production
of TNF-α, IL-6, and MCP-1, and decrease the production of adiponectin (Barbour et al 2007).
Consistent with this, the antioxidant N-acetyl cysteine can reduce ROS and improve insulin
resistance in a hyperglycemia-induced model (Pieper et al 1997, Ozkilic et al 2006). Lipid
accumulation also activates the unfolded protein response to increase ER stress in fat and liver.
ER stress has been shown to activate JNK and subsequently, lead to serine phosphorylation of
insulin receptor substrate-1 (IRS-1), but as with all of the stimuli, ER stress similarly activates
NF-κβ (Evans et al 2002)

7. Health implications of cytokines, lipid metabolism, inflammation and
GDM

The  triad  of  cytokines,  lipid  metabolism  and  inflammation  are  hooked  together  by  a
biological  thread  of  oxidative  stress  and  pathogenetic  end-point  of  insulin  resistance.
Oxidative stress inhibits expression of Pax 3, a gene that is essential for neural tube closure,
and possibly congenital cardiac anomalies which have been associated with uncontrolla‐
ble diabetes in pregnancy before and in early pregnancy (Chang et al 2003). The associa‐
tion between GDM and macrosomia is real, with a secondary effect of increased cesarean
section and increased risk of postpartum genital infection and development of overt type
2  diabetes  mellitus.  The  markers  of  inflammation,  dyslipidemia,  oxidative  stress  and
endothelial  dysfunction  may  provide  additional  information  about  a  patient's  risk  of
developing  cardiovascular  disease  and  hypertension.  This  may  provide  new  attractive
targets for drug development.

8. Intervention strategies

GDM offers an important opportunity for the development for testing and the implementation
of clinical strategies in diabetic prevention (Volpe et al 2007). The main objective should be to
improve insulin sensitivity and prevent diabetes mellitus.

8.1. Lifestyle modification

Lifestyle modifications have been shown to be successful in decreasing the progression to
T2DM in several populations, including American, Finnish and Asian, so it seems rational to
consider similar interventions in women with a history of GDM (An Empowered Based
Diabetic Prevention 2011). The ACOG (2003), RCOG Guidelines (2011), NICE Guidelines
(2009) and the ADA (2005) all recommend that women at increased risk for T2DM should be
counseled about the benefits of diet, exercise, and weight reduction and/or maintenance in an
effort to prevent the development of T2DM as part of preconception care.
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8.2. Breast-feeding

Breast-feeding is associated with reduced blood glucose levels and a reduced incidence of
T2DM among both women with a history of GDM and women in the general population.
Lactation has also been associated with postpartum weight loss, reduced long-term obesity
risk, and a lower prevalence of the metabolic syndrome (O’Reilly et al 2003).

Figure 1:  Mechanisms of Insulin Resistance and Gestational diabetes
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Figure 1. Mechanisms of Insulin Resistance and Gestational diabetes Fatty acid metabolites (long-chain acyl-CoA
[LCCoA] and diacylglycerol [DAG]) trigger a serine/threonine kinase cascade andl protein kinase C, to induce serine/
threonine phosphorylation. This inhibits IRS-1 binding and activation of PI 3-kinase and insulin signalling with resul‐
tant reduced insulin-stimulated glucose transport. Obesity-associated changes in secretion of adipokines and inflam‐
matory IKKβ and NF-kβ and JNK pathways through ligands for TNF-α, IL-1, Toll and AGE receptors, intracellular stresses
like Reactive oxygen species,Ceramide and PKC isoforms. These factors modulate insulin signalling, through activation
of NF-kβ and cause insulin Resistance( Shoelson et al 2006, Qatanani et al 2007, Savage et al 2007,)

8.3. Pharmacologic interventions

Insulin is the drug to use, especially in GDM. Drugs with anti-inflammatory and vascular
effects have future potential of being used in interventions aimed at reducing the enormous
cardiovascular burden associated with Type 2 diabetes (Ziegler 2005). Use of sodium salicylate
(Aspirin) (Hostamistigil et al 1993, Karasik et al 1993) has the concerns with high dose and
possible side-effect of peptic ulceration. The use of antioxidant E and C reduces embryopathy
in animal model (Cederberg ) and in human with use of N-acetyl Cysteine has beneficial effects
(Ozkilic et al 2006).
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developing  cardiovascular  disease  and  hypertension.  This  may  provide  new  attractive
targets for drug development.

8. Intervention strategies

GDM offers an important opportunity for the development for testing and the implementation
of clinical strategies in diabetic prevention (Volpe et al 2007). The main objective should be to
improve insulin sensitivity and prevent diabetes mellitus.

8.1. Lifestyle modification

Lifestyle modifications have been shown to be successful in decreasing the progression to
T2DM in several populations, including American, Finnish and Asian, so it seems rational to
consider similar interventions in women with a history of GDM (An Empowered Based
Diabetic Prevention 2011). The ACOG (2003), RCOG Guidelines (2011), NICE Guidelines
(2009) and the ADA (2005) all recommend that women at increased risk for T2DM should be
counseled about the benefits of diet, exercise, and weight reduction and/or maintenance in an
effort to prevent the development of T2DM as part of preconception care.
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Breast-feeding is associated with reduced blood glucose levels and a reduced incidence of
T2DM among both women with a history of GDM and women in the general population.
Lactation has also been associated with postpartum weight loss, reduced long-term obesity
risk, and a lower prevalence of the metabolic syndrome (O’Reilly et al 2003).
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Figure 1. Mechanisms of Insulin Resistance and Gestational diabetes Fatty acid metabolites (long-chain acyl-CoA
[LCCoA] and diacylglycerol [DAG]) trigger a serine/threonine kinase cascade andl protein kinase C, to induce serine/
threonine phosphorylation. This inhibits IRS-1 binding and activation of PI 3-kinase and insulin signalling with resul‐
tant reduced insulin-stimulated glucose transport. Obesity-associated changes in secretion of adipokines and inflam‐
matory IKKβ and NF-kβ and JNK pathways through ligands for TNF-α, IL-1, Toll and AGE receptors, intracellular stresses
like Reactive oxygen species,Ceramide and PKC isoforms. These factors modulate insulin signalling, through activation
of NF-kβ and cause insulin Resistance( Shoelson et al 2006, Qatanani et al 2007, Savage et al 2007,)

8.3. Pharmacologic interventions

Insulin is the drug to use, especially in GDM. Drugs with anti-inflammatory and vascular
effects have future potential of being used in interventions aimed at reducing the enormous
cardiovascular burden associated with Type 2 diabetes (Ziegler 2005). Use of sodium salicylate
(Aspirin) (Hostamistigil et al 1993, Karasik et al 1993) has the concerns with high dose and
possible side-effect of peptic ulceration. The use of antioxidant E and C reduces embryopathy
in animal model (Cederberg ) and in human with use of N-acetyl Cysteine has beneficial effects
(Ozkilic et al 2006).
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9. Concluding remarks

Recent advances in the understanding of carbohydrate metabolism during pregnancy, suggest
that preventive measures should be aimed at improving insulin sensitivity in women with
strong risk factors of developing GDM. The mechanisms involved in the pathogenesis of
insulin resistance and Gestational Diabetes Mellitus are summarized in Figure 1. Further
research is needed to elucidate the mechanisms and consequences of alterations in lipid
metabolism during pregnancy (Marseille-Tremblay et al 2008). Inflammation-induced insulin
resistance is certainly increasing in parallel with the epidemic of obesity. Strategies for
reducing this trend should be part of the Public Health initiatives.

9.1. Future directions

There is need for genetic studies especially from the Human Genome to identify those with
candidate genes for diabetes and epigenetic factors that may affect gene expression and
predisposition to inflammation. It should be possible to directly target inflammation with
pharmacological interventions to treat and/or prevent insulin resistance and T2D and modu‐
late risk for CVD and other metabolic conditions. In addition to anti-inflammatory drugs such
as NF-κβ inhibitors and IL-1 receptor antagonists already known to improve inflammatory
and glycemic parameters, should have utility to block the prolonged exposure to inflammatory
danger signals may further enhance the metabolic and cardiovascular outcome of obese
patients. Early recognition and management of women predisposed to develop T2DM is
crucial in the development of primary health care strategies, modification of lifestyle, and
dietary habits significantly to prevent or delay of insulin resistance and development of
glucose intolerance.
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and glycemic parameters, should have utility to block the prolonged exposure to inflammatory
danger signals may further enhance the metabolic and cardiovascular outcome of obese
patients. Early recognition and management of women predisposed to develop T2DM is
crucial in the development of primary health care strategies, modification of lifestyle, and
dietary habits significantly to prevent or delay of insulin resistance and development of
glucose intolerance.
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1. Introduction

Pregnancy is a physiological condition characterized by a progressive, weeks of gestation-
dependent increase in maternal triglycerides (hypertriglyceridemia) and total cholesterol
(hypercholesterolemia) [1-4]. In some cases a misadaptation occurs and these levels increase
over a physiological range and dyslipidemia is recognized [5]. This condition occurs in some
pregnancies coursing without associated pregnancy alterations [i.e., maternal supraphysio‐
logical hypercholesterolemia (MSPH)] and in pregnancies coursing with pathologies as
preeclampsia and gestational diabetes mellitus (GDM) [3, 5].

GDM is widely associated with endothelial dysfunction of the placenta mainly triggered by
hyperinsulinemia, hyperglycemia, and changes in nucleoside extracellular concentration and
dyslipidemia associated with this pathology could play a role in this phenomenon since
dyslipidemia is a risk factor to develop endothelial dysfunction and atherosclerosis [6].
Additionally, GDM predisposes to an accelerated development of cardiovascular disease
(CVD) in adult life and as most of pregnancies with GDM course with elevated dyslipidemia,
is feasible found a pathological link between dyslipidemia in GDM pregnancies and devel‐
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1. Introduction

Pregnancy is a physiological condition characterized by a progressive, weeks of gestation-
dependent increase in maternal triglycerides (hypertriglyceridemia) and total cholesterol
(hypercholesterolemia) [1-4]. In some cases a misadaptation occurs and these levels increase
over a physiological range and dyslipidemia is recognized [5]. This condition occurs in some
pregnancies coursing without associated pregnancy alterations [i.e., maternal supraphysio‐
logical hypercholesterolemia (MSPH)] and in pregnancies coursing with pathologies as
preeclampsia and gestational diabetes mellitus (GDM) [3, 5].

GDM is widely associated with endothelial dysfunction of the placenta mainly triggered by
hyperinsulinemia, hyperglycemia, and changes in nucleoside extracellular concentration and
dyslipidemia associated with this pathology could play a role in this phenomenon since
dyslipidemia is a risk factor to develop endothelial dysfunction and atherosclerosis [6].
Additionally, GDM predisposes to an accelerated development of cardiovascular disease
(CVD) in adult life and as most of pregnancies with GDM course with elevated dyslipidemia,
is feasible found a pathological link between dyslipidemia in GDM pregnancies and devel‐
opment of CVD later in life [6,7].

The hypertrygliceridemia described in GDM is directly related with the fetal macrosomia
characteristic of this pathology, and a positive correlation between maternal triglycerides
levels and neonatal body weight or fat mass has been found in GDM [7,8].
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Even when hypercholesterolemia, described in GDM, is not related with the fetal macrosomia,
could be related with fetal endothelial dysfunction and later development of cardiovascular
diseases in the adulthood [6].

Although lipid traffic through the placenta is restrictive, a correlation between maternal and
fetal blood cholesterol in the first and second trimesters of pregnancy has been established,
suggesting that maternal cholesterol level could alter normal development of the fetus [9]. In
fact it has been reported that due to altered lipid metabolism in the placenta as a result of high
maternal blood cholesterol, atherogenesis, a clinical complication commonly appearing in
adults, probably begins in fetal life with similar factors altered at the mother, the fetus and the
placenta [9, 10].

In this regard, GDM correlates with placental macro and microvascular endothelial dysfunc‐
tion, also considered as early marker of atherosclerosis, and neonates from GDM pregnancies
have significant increase in the aortic intima-media thickness and higher lipid content, both
considered as subclinical markers of atherosclerosis, conditions that will potentially increase
the atherosclerotic process later in life [11,12].

Since the lack of information in the literature, nothing is yet available about the potential effect
of hypercholesterolemia in GDM pregnancies regarding development of endothelial dysfunc‐
tion and atherosclerosis in human fetoplacental vasculature [6], however cumulative evidence
shows that high levels of blood cholesterol modify the endothelial function in different
vascular beds, mostly associated with reduced vascular nitric oxide (NO) bioavailability (i.e.
the L-arginine/NO pathway) and elevated oxidative stress leading to reduced vascular
reactivity, and then vascular reactivity in children and adults [13].

Several changes caused by hypercholesterolemia could explain these alterations including
post-transcriptional down-regulation of cationic amino acid transporters (hCATs)-mediated
L-arginine transport [14], reduced NO synthase (NOS) expression [15], reduced expression of
tetrahydrobiopterin (BH4) an NOS cofactor [16], and increased expression and activity of
arginases (enzymes that compete by L-arginine with NOS) [17] among others factors that
finally leads to reduction of NO synthesis and endothelial dysfunction. Interestingly, these
mechanisms have not been evaluated in GDM coursing with hypercholesterolemia [6].

2. Hypercholesterolemia in pregnancy

Several reports show that pregnancy is a physiological condition characterized by a progres‐
sive, weeks of gestation-dependent increase (reaching 40-50%) in the maternal blood level of
cholesterol [1,2]. This phenomenon is known as maternal physiological hypercholesterolemia
in pregnancy (MPH), and is considered to be an adaptive response of the mother to satisfy the
high cholesterol demand by the growing fetus [3,4].

In the lack of a consensus and currently available information for general population, a mean
value calculated from the reported data in the literature rising to ~247 mg/dl of blood choles‐
terol could represents a state of MPH (see table 1). When a maternal misadaptation to the
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cholesterol demand by the fetus occurs, a group of these women develop a pathological
condition described as maternal supraphysiological hypercholesterolemia (MSPH) in preg‐
nancy [5]. Unfortunately, the establishment of a cut-point value for this condition is difficult
to define because the scare information in the literature regarding this condition. However, a
review of the available information allows establish a MSPH condition when the maternal
blood cholesterol at term of pregnancy level is over the 90th percentile or establishing a cut-
point defined by different authors and based in their findings (Table 1).

With this global lack of information, the prevalence of MSPH in the pregnant population is
unknown and could certainly be a consequence of the fact that maternal blood cholesterol level
is not routinely evaluated during pregnancy. However, has been reported that the global
prevalence for high blood cholesterol level (>200 mg/dl) in non-pregnant women is 40% with
a range between 23% (Asia) and 53% (Europe) [18]. Based on this official information from
WHO and assuming that pregnancy results in an increase of 40-50% in blood cholesterol [4],
it is conceivable that a significant number of women that get pregnant will develop MSPH and
who will potentially present an adverse intrauterine condition that could result in facilitating
the developing of vascular alterations and atherosclerosis in the growing fetus.

2.1. Cholesterol traffic in pregnancy

Although lipids traffic through the placenta is restrictive and children born from MSPH
generally have normal blood cholesterol level [19], a correlation between maternal and fetal
blood cholesterol in the first and second trimesters of pregnancy has been established [9,20].

The sources of cholesterol for fetal metabolism along with endogenous production by fetal
tissues include transplacental mother-to-fetus transport of cholesterol [9,19,21-26].

The maternal cholesterol must cross two layers of cells to enter in the fetal circulation, the first
one are the trophoblast cells and the second one are the endothelial cells [19,27] (Figure 1).

In the maternal circulation the cholesterol is mainly transported in low density (LDL) and high
density (HDL) lipoproteins which interacts with their membrane receptors, the LDL receptor
(for native LDL (nLDL) and oxidized LDL (ox LDL)), the lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1, for oxLDL), and scavenger receptor class B type I (SR-BI, for
HDL and oxLDL) to deliver the cholesterol content into the cell [28,29]. These lipoprotein
receptors are expressed in placental cells including trophoblast and endothelial cells [23,30].
Once in the trophoblast cells, the cholesterol may exit cells secreted as lipoprotein or effluxed
from the cellular membrane to extracellular acceptors precursors of mature lipoproteins (i.e.,
apolipoproteins or discoidal phospholipids) [19]. In the next step, this cholesterol is uptake by
endothelial cells to be deliver in the fetal circulation, phenomenon where the expression of
cholesterol transporters type ATP binding cassette transporter sub-family A member 1
(ABCA1) and sub-family G member 1 (ABCG1) is determinant since these transporters
participate in the efflux of cholesterol to nascent fetal lipoproteins [26,31]. In this scenery the
phospholipid transporter protein (PLTP) also participate in the formation of fetal HDL (fHDL)
contributing with the efflux of phospholipids to nascent fHDL [26] (Figure 1).
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Studied population (n)
Blood cholesterol (mg/dl)

Ref.
MPH Cut-point for MSPH

USA (29) 251 318 [5]

USA (142) 260 300 [157]

USA (553) 250 300 [158]

Canada (59) 248 290 [24]

Mexico (130) 189 - [159]

Argentina (101) 244 - [160]

Chile (86) 263 280 [unpublished]

UK (8) 289 - [161]

UK (40) 315 - [162]

UK (114) 273 - [163]

UK (118) 246 - [163]

UK (178) 264 - [164]

Italy (82) - 281 [9]

Italy (156) - 280 [21]

Italy (72) 205 280 [165]

Italy (22) 286 - [1]

Norway (12.573) 211 - [166]

France (73) 242 - [167]

Germany (150) 253 - [168]

Spain (45) 225 - [143]

Spain (66) 259 - [169]

Portugal (67) 285 - [170]

Finland (22) 274 - [171]

Japan (19) 280 - [172]

China (20) 184 - [173]

Pakistan (45) 209 - [174]

Nigeria (222) 204 - [175]

Tunisia (30) 222 - [176]

Mean 247

The values correspond to the third trimester of pregnancy. MPH: maternal physiological and hypercholesterolemia,
MSPH: maternal supraphysiological hypercholesterolemia.

Table 1. Maternal total cholesterol in MPH and MSPH pregnancies.
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Thus the mother-to-fetus transport of cholesterol seems to be a controlled process that is crucial
in fetal development; however the effect of a supraphysiological level of maternal cholesterol
will modify the traffic of cholesterol increasing the risk of developing fetal vascular anomalies
such as those seen in atherosclerosis [31].

2.2. Consequences of MSPH in the fetus

Studies in aortas from spontaneously aborted human fetuses and premature newborns (24-30
weeks of gestation) demonstrate that offspring from mothers with MSPH in pregnancy exhibit
more and larger aortic lesion which were positive for almost one marker of atherosclerosis
among the presence of macrophages and foam cell, LDL, oxLDL and oxidation-specific
epitopes [9]. These data were additionally supported by another autopsy study that deter‐
mined that children (1-13 years old) of mothers with MSPH in pregnancy exhibit faster
progression of atherosclerotic lesions [21].

At present, the effect of MSPH have been evaluated as atherosclerosis in fetal arteries but the
vascular effects of MSPH could be determined in placental vessels since its cells are indirectly
exposed to maternal cholesterol (see section Cholesterol traffic in pregnancy). Interestingly, it has

Figure 1. Mother-to-fetus transport of maternal cholesterol. In the maternal circulation (higher levels of plasma cho‐
lesterol) the cholesterol (Ch) is mainly transported in low density lipoproteins (LDL) (natives, nLDL and oxidized, oxLDL)
and high density lipoproteins (HDL) lipoproteins and delivered into the trophoblast by LDL receptor (LDL-r) and scav‐
enger receptor class B type I (SR-BI). The cholesterol deliver to extracellular matrix (ECM) and is uptake by endothelial
cells through unknown mechanisms to finally, be delivered to the fetal circulation by the of cholesterol transporters
type ATP binding cassette transporter sub-family A member 1 (ABCA1) and sub-family G member 1 (ABCG1), which
together with phospholipid (PL)-transfer protein (PLPT) contribute with the assembly of fetal lipoproteins. In fetal cir‐
culation (lower levels of plasma cholesterol) cholesterol is deliver to acceptors as ApoAI and nascent fetal HDL (fHDL).
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been shown that MSPH is associated with increased expression of placental genes related to
cholesterol metabolism (i.e. fatty acid synthase (FAS), sterol regulatory element-binding
protein 2 (SREBP2)), thus exposing the fetus to an altered lipid environment and eventually
promoting vascular alterations [24]. Additionally, increased level of maternal cholesterol and
LDL leads to down-regulation of LDL receptor expression in whole placenta homogenized
without changes in the expression of HDL receptor (SR-BI) [32], suggesting that the increase
in the LDL concentration in the maternal blood induce the regulation of the LDL receptor
expression. Interestingly these alterations are not related with changes in the newborn lipid
levels, in fact normal levels of LDL and total cholesterol are determined at birth in the fetal
blood of newborns from mothers with MSPH.

These data provide evidence for the potential effect of MSPH on the placenta and its conse‐
quences for the fetus where vascular lesion progression is triggered. However, even knowing
this available information nothing is reported regarding whether abnormal maternal blood
cholesterol level leads to placental vascular dysfunction [10,33].

3. Endothelial function in normal pregnancies

The placenta is a physical and metabolic barrier between the fetal and maternal circulation.
The normal development and function of the placenta and the umbilical cord are crucial to
sustain the adequate fetal development and growth [34]. The human fetoplacental circulation
under physiological conditions exhibits a high blood flow and low vascular resistance [35].
Since it lacks of autonomic innervation [36] the equilibrium between the synthesis, release and
bioavailability of vasoconstrictors and vasodilators circulating and locally released, such as
NO and adenosine, are crucial to maintain the control of fetoplacental hemodynamics [37,38].
In a physiological context, different pathologies of pregnancy such as GDM [38,39], intrauter‐
ine growth restriction (IUGR) [40] or preeclampsia [41], exhibits altered synthesis and/or
bioavailability of NO leading to changes in blood flow of the human placenta thus limiting
fetal growth and development [37,38,42]. These conditions produce an imbalance or loss of
essential endothelial functions leading to altered blood flow in the fetoplacental unit mainly
associated with altered NO synthesis and membrane transport of the semi-essential cationic
amino acid L-arginine, i.e., the ‘endothelial L-arginine/NO pathway’ (Figure 2) [35,42,43].

3.1. Endothelial L-arginine/NO signaling pathway

Synthesis of NO requires active NOS, a group of enzymes conformed by, at least, three
isoforms, i.e., neuronal NOS (nNOS or type 1), inducible NOS (iNOS or type 2) and endothelial
NOS (eNOS or type 3), of which mainly eNOS is expressed in endothelial cells [43,44]. The NO
diffuses from endothelium to vascular smooth muscle cells leading to cyclic GMP (cGMP)-
dependent vasodilatation [45].

Activity of NOS may depend on the ability of endothelial cells to take up its specific substrate
L-arginine via a variety of membrane transport systems [42,43,46,47]. L-Arginine is taken up
into the endothelial cells through the membrane transport systems y+ (cationic amino acid
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transporters family, CATs), y+L (very high affinity transporters), b0,+ and B0,+ (Na+-independent
and dependent, respectively) [48,49,50]. CATs is a family of membrane transporters with at
least 5 isoforms identified in human tissues, i.e., human CAT-1 (hCAT-1), hCAT-2A, hCAT-2B,
hCAT-3 and hCAT-4 [43,51]. In endothelial cells from the human placenta such as human
umbilical vein endothelial cells (HUVEC) and human placental microvascular endothelial cells
(hPMEC), only hCAT-1 and hCAT-2B isoforms like transport have been identified, the first
exhibiting low-capacity and high-affinity, and the second exhibiting higher-capacity and
lower-affinity [41,51]. Moreover, eNOS activity seems to depend on the ability of these cells to
take up L-arginine mainly via hCAT-1 and/or hCAT-2B [40, 33, 52]. Interestingly in patholog‐
ical conditions such as GDM the L-arginine/NO pathway is highly up-regulated in HUVEC [6,
39, 53, 54] (Figure 2).

4. Hypercholesterolemia and endothelial L-arginine/NO pathway

Endothelial dysfunction and reduced NO seems are considered early markers in the devel‐
opment of cardiovascular disease [55-58]. Thus, studies designed to evaluate the impact of

Figure 2. Endothelial L-Arginine/NO pathway regulation by GDM and MSPH. In human endothelial cells L-arginine is
mainly taken up via cationic amino acid transporter 1 (hCAT-1). Then, L-arginine is metabolized in nitric oxide (NO)
and L-citrulline by endothelial NO synthase (eNOS). In GDM is described an increase (blue up arrows) in the elements
in L-Arginine/NO pathway, but with a decrease in NO bioavailability leading endothelial dysfunction. As seen in other
vascular beds, MSPH leads to decreased (green down arrows) hCAT-1 and eNOS expression; and NO synthesis leading
also to endothelial dysfunction.
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NOS (eNOS or type 3), of which mainly eNOS is expressed in endothelial cells [43,44]. The NO
diffuses from endothelium to vascular smooth muscle cells leading to cyclic GMP (cGMP)-
dependent vasodilatation [45].
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transporters family, CATs), y+L (very high affinity transporters), b0,+ and B0,+ (Na+-independent
and dependent, respectively) [48,49,50]. CATs is a family of membrane transporters with at
least 5 isoforms identified in human tissues, i.e., human CAT-1 (hCAT-1), hCAT-2A, hCAT-2B,
hCAT-3 and hCAT-4 [43,51]. In endothelial cells from the human placenta such as human
umbilical vein endothelial cells (HUVEC) and human placental microvascular endothelial cells
(hPMEC), only hCAT-1 and hCAT-2B isoforms like transport have been identified, the first
exhibiting low-capacity and high-affinity, and the second exhibiting higher-capacity and
lower-affinity [41,51]. Moreover, eNOS activity seems to depend on the ability of these cells to
take up L-arginine mainly via hCAT-1 and/or hCAT-2B [40, 33, 52]. Interestingly in patholog‐
ical conditions such as GDM the L-arginine/NO pathway is highly up-regulated in HUVEC [6,
39, 53, 54] (Figure 2).

4. Hypercholesterolemia and endothelial L-arginine/NO pathway

Endothelial dysfunction and reduced NO seems are considered early markers in the devel‐
opment of cardiovascular disease [55-58]. Thus, studies designed to evaluate the impact of

Figure 2. Endothelial L-Arginine/NO pathway regulation by GDM and MSPH. In human endothelial cells L-arginine is
mainly taken up via cationic amino acid transporter 1 (hCAT-1). Then, L-arginine is metabolized in nitric oxide (NO)
and L-citrulline by endothelial NO synthase (eNOS). In GDM is described an increase (blue up arrows) in the elements
in L-Arginine/NO pathway, but with a decrease in NO bioavailability leading endothelial dysfunction. As seen in other
vascular beds, MSPH leads to decreased (green down arrows) hCAT-1 and eNOS expression; and NO synthesis leading
also to endothelial dysfunction.
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hypercholesterolemia (in non-placental vessels) have determined that this pathological
condition induces endothelial dysfunction in vessels of the macro and microcirculation, but
the biological effects may differ between both vascular beds [59-60]. It has been shown that
high levels of total cholesterol and oxLDL impair endothelial function increasing the produc‐
tion of the vasoconstrictor endothelin-1 [61-62] and reducing NO bioavailability [13,63-67],
alterations that have been associated with impaired endothelium-dependent relaxation
[68-73]. Therefore, alterations in cholesterol levels leading to endothelial dysfunction in
different vascular beds have been associated with molecular changes in the expression and
activity of different component of the L-arginine/NO pathway, thus decreasing the production
or bioavailability of NO (Table 2). However, no studies have addressed whether elevated
maternal blood cholesterol modulate L-arginine/NO pathway and endothelial function in
placental endothelial cells form pregnancies coursing with MSPH or pregnancy diseases
associated with increased levels of cholesterol as GDM or preeclampsia [12,35].

4.1. eNOS expression and activity in hypercholesterolemia

Hypercholesterolemia is associated with decreased expression of eNOS in aortic rings of
hypercholesterolemic rabbits [58] and in human saphenous vein endothelial cell, porcine aortic
endothelial cells and HUVEC expose to high concentration of nLDL or ox-LDL [15,75,76], an
effect that is reversed by restitution of normal blood cholesterol level (e.g., with the use of
statins). The mechanism behind this effect of hypercholesterolemia on eNOS expression is not
well understood and few studies have proposed a time- and concentration-dependent decrease
in eNOS mRNA level involving transcriptional inhibition and reduced mRNA stability (i.e.,
reducing eNOS mRNA half-life) [15,75,76].

Additionally to down regulation of  eNOS expression,  high levels  of  cholesterol  are also
associated with changes in eNOS cellular localization and function, a phenomenon related
with up-regulation of the protein caveolin [77-83]. In the endothelial cell eNOS targets to
caveolae [70,71] where it is functionally inhibited by binding to caveolin [84-87]. Optimal
eNOS activity occurs when the eNOS-caveolin complex interaction is disrupted by calcium-
calmodulin binding to eNOS-caveolin [87]. It has been shown that caveolin expression is
regulated by cholesterol increasing eNOS-caveolin complex formation, and diminishing NO
production [88-90].

4.2. Asymmetrical dimethylarginine (ADMA) availability in hypercholesterolemia

ADMA, an arginine metabolite proposed as endogenous inhibitor of eNOS [91-95], is increased
in hypercholesterolemic monkeys [92] and in human endothelial cells incubated with high
concentration of nLDL and oxLDL [96]. The mechanisms involved in this phenomenon are the
up-regulation of the expression of protein arginine N-methyl transferases (PRMTs), which are
involved in the synthesis of ADMA and decreased activity of dimethylarginine dimethylami‐
nohydrolase (DDAH), an enzyme responsible of ADMA degradation [78,82,83]. Moreover, the
regulation of ADMA is relevant in the atherogenic process and extensive data have shown a
good correlation between plasmatic levels of ADMA and the presence of atherosclerosis [92].
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Thus, this is a different way by which increased levels of cholesterol leads to a reduction in

NO synthesis.

Element Gestational Diabetes Mellitus Non-pregnancy

Hypercholesterolemia

Cell type Effect References Cell type Effect References

hCATs expression HUVEC Increased [43] EAhy926 Increased [113]

rAR Increased [114]

hCATs activity HUVEC Increased [43] EAhy926 Increased [113]

rAR Reduced [14]

bAEC Reduced [111]

pAEC Reduced [74]

HUVEC Unaltered [109]

HUVEC Unaltered [110]

eNOS expression HUVEC Increased [28,43] hSVEC Reduced [15]

hPT Increased [177] rbAS Increased [75]

rbAS Reduced [152]

HUVEC Reduced [76]

pAEC Reduced [180]

eNOS activity HUVEC Increased [28,29,43] hSVEC Reduced [15]

hVT Unaltered [178] rbAS Reduced [152]

HUVEC Reduced [76]

pAEC Reduced [74]

rAC Reduced [181]

NO level HUVEC Increased [179] hSVEC Reduced [15]

Arginase I hPBMC Increased [182]

Arginase II hAEC Increased [17,114,115]

mAEC Increased [114,115]

hCATs, human cationic amino acid transporters; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; HUVEC,
human umbilical vein endothelial cell; hPT, human placental tissue; hVT, human villous tissue; EAhy 926, human
endothelial cell line EAhy 926; rAR, rat aortic ring; bAEC, bovine aortic endothelial cell; pAEC, porcine aortic
endothelial cell; hSVEC, human saphenous vein endothelial cell; rbAS, rabbit aortic segment; rAC, rat aortic cell;
hPBMC, peripheral blood mononuclear cells; hAEC, human aortic endothelial cell; mAEC, mouse aortic endothelial
cell. Table modified from reference 6.

Table 2. Effect of GDM and hypercholesterolemia on endothelial L-Arginine/NO pathway.
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4.3. Tetrahydrobiopterin (BH4) availability in hypercholesterolemia

A reduced expression of the eNOS cofactor BH4 leads to deficient activation (or even uncou‐
pling) of eNOS, a phenomenon characterized by eNOS-reduction of molecular oxygen by a no
longer coupled L-arginine oxidative mechanism resulting in generation of superoxide anion
rather than NO [98]. This phenomenon contributes to vascular oxidative stress and endothelial
damage and dysfunction [16]. Hypercholesterolemic mice and rabbit exhibit reduced level of
BH4 in the aorta and myocardium [99,100], a phenomenon related with endothelial dysfunction
and major progression of atherosclerosis. Additionally, it has been demonstrated that BH4

supplementation improves the endothelial function in hypercholesterolemic patients
[101,102], suggesting that this cofactor is reduced in this pathological condition. Endothelial
cells from the human placenta vasculature express functional BH4 which is reduced with the
progress of pregnancy by a mechanism involving lower activity of guanosine triphosphate
cyclohydrolase I (GTPCH) and 6-pyruvoyl tetrahydropterin synthase (PTPS), key enzymes
involved in BH4 synthesis [103,104]. Alternatively, in other cell types, a reduced level of BH4

dependent of down-regulation of GTPCH expression has been associated with hypercholes‐
terolemia in rat macrophages and smooth muscle cells [105,106].

4.4. L-Arginine transport in hypercholesterolemia

Decreased bioavailability of L-arginine could result from reduced expression and/or altered
cellular localization of hCATs, as reported for hCAT-1 and potentially hCAT-2B in HUVEC
[53,54,107,108]. Interestingly, it was initially shown that hCAT-1–like transport was unaltered
by oxLDL in HUVEC cultures [109,110]. However, no kinetic parameters were addressed in
these studies opening the possibility that L-arginine transport at a unique fixed concentration
of this amino acid (100 μM) [109] could be insensible to oxLDL, or that a long period of
incubation for L-arginine uptake (1-24 hours) [110] will not be a condition close to initial
velocity for transport, something required for this type of analysis [49,51]. Additional studies
in other types of endothelial cells show that LDL (native or oxLDL) reduces L-arginine
transport in aortic endothelium from hypercholesterolemic rats, involving protein kinase C
[14]; and bovine aortic endothelium where a maximal transport capacity (Vmax/Km) [49] is
reduced [111,112]. Interestingly, human aortic endothelial cells exposed to nLDL/oXLDL
exhibit decreased intracellular content of L-arginine, a phenomenon explained as resulting
from post-translational down-regulation of CAT1 and increased CAT1 internalization [102].
In addition, and highlighting the involvement of L-arginine transport in placental vascular
reactivity, recent studies suggest that L-arginine transport mediated by hCAT-1 will be a
mechanism limiting human placental vascular reactivity since reduced transport (by the use
of N-ethylmaleimide) or cross-inhibition (by L-lysine) of hCATs leads to reduced insulin-
induced dilatation of human umbilical vein rings from normal pregnancies [54].

4.5. Arginases expression in hypercholesterolemia

Up-regulation of arginases (isoforms I and II) is another mechanism by which NO synthesis
is  proposed  to  be  reduced  leading  to  placental  endothelial  dysfunction.  Arginases  are
enzyme  competing  by  L-arginine  with  eNOS  [17,114,115],  favoring  conversion  of  L-
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arginine into L-ornithine and urea.  Therefore,  an increase in arginases activity will  limit
the availability of L-arginine to be metabolized by eNOS for NO synthesis. Interestingly, a
link between hypercholesterolemia and arginase I and II expression has been demonstrat‐
ed  in  mice  [115]  and  in  human  aortic  endothelial  cells  [116]  where  oxLDL  induces  an
overexpression of arginases and a reduction of total eNOS protein abundance associated
with lower NO production [114], mostly by the interaction with LOX-1 receptor and the
activation of the small GTPase RhoA and Rho A kinase (ROCK) signaling pathway [17].
Interestingly,  the  reduction  of  arginases  activity  caused  by  statins  in  hypercholesterole‐
mic subjects improves the endothelial function [117].  These findings show that arginases
could  play  a  role  in  the  modulation  of  endothelial  function,  most  likely  regarding  NO
synthesis by competing for L-arginine with eNOS.

5. Gestational diabetes mellitus

GDM is a syndrome characterized by glucose intolerance with onset or first recognition during
pregnancy [118-120]. Clinical manifestations of GDM have been attributed mainly to the
condition of hyperglycemia, hyperlipidemia, hyperinsulinemia, and fetoplacental endothelial
dysfunction [34,37,119,121,123]. GDM is also associated with abnormal fetal development and
perinatal complications, such as macrosomia, neonatal hypoglycemia, and neurological
disorders [121]. This syndrome occurs with a high incidence, depending on diagnostic criteria
used, ranging between 5 and 15% of pregnant women in developing [124,125] and developed
countries [120,126-128].

Altered vascular reactivity is a characteristic of GDM and is due to endothelial dysfunction at
the micro and macro fetoplacental vasculature [34,37,129-134].

Even when hyperglycaemia is the principal factor leading to endothelial dysfunction, other
factors are involved including hyperinsulinemia and the extracellular nucleoside adenosine
level [39,133,134]. Since GDM is associated with MSPH, this factor could also contribute with
this phenomenon although the effect is actually unknown.

5.1. Endothelial function in GDM and L-arginine/NO pathway

It has been reported that the NO level in the human umbilical vein blood is increased in
GDM [127] and that in HUVEC from GDM the synthesis of NO is increased [39,53, 135,
136]. These findings were associated with a constitutive increase in the number of copies
for eNOS mRNA, as well as increased eNOS protein level and activity. Other studies show
that  in  HUVEC isolated from GDM the L-arginine  transport  is  increased due to  higher
maximal velocity (Vmax)  for transport,  most likely resulting from increased expression of
hCAT-1 [53,133]. Even when the synthesis of NO is increased in GDM cells, the bioavaila‐
bility of this vasodilator is reduced leading to an state of endothelial dysfunction [6,34,39,
123] (Figure 2).  Thus, the vascular reactivity of umbilical vein rings from GDM is lower
compare with rings from normal pregnancies [39]. This phenomenon has been suggested
to result  from a less  reactive umbilical  vein due to  a  tonic  and basal  increased state  of
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vasodilation by over-release and/or accumulation of adenosine,  a nucleoside that induce
vascular relaxation, in the umbilical vein blood [39].

6. Dyslipidemia in GDM

GDM is a pathological condition also characterized by maternal dyslipidemia, alterations that
affect directly the fetal development and growth [123].

Dyslipidemia is defined as elevated levels of triglycerides (hypertriglyceridemia) and total
blood cholesterol (hypercholesterolemia) including increased LDL and reduced HDL choles‐
terol [137]. Dyslipidemia is recognized as the main risk factor for development of CVD
[137,139]. Additionally, GDM has also been established as a significant risk factor to fetal
programming of metabolic syndrome [140-142] and thus predisposing to accelerate the
development of CVD in the adult life [141-146].

Interestingly, most of pregnancies that develop GDM course with dyslipidemia [7,24,147]
(Table 3) and thus could be feasible to found a pathologic link between dyslipidemia in
pregnancies with GDM and the development of CVD later in life.

GDM is related with fetal macrosomia and endothelial dysfunction and interestingly both
characteristic could be related with the associated dyslipidemia. The association between
dyslipidemia and macrosomia regards hypertriglyceridemia more than hypercholesterolemia;
in fact, a positive correlation between maternal triglycerides and neonatal body weight or fat
mass has been found in GDM [7,141,142]. In the other hand, hypercholesterolemia could
contribute with the endothelial dysfunction described in the pathology [6,142,149]. Thus GDM
could play a role in the fetal programming of adult CVD not only by the classical alterations
mainly triggered by hyperinsulinemia, hyperglycaemia and changes in nucleoside extracel‐
lular concentration, but also by hypercholesterolemia associated with this pathology
[6,142,149]. However, no studies have addressed whether elevated maternal blood cholesterol
in GDM modulate endothelial function in placental endothelial cells [33].

6.1. Cholesterol metabolism in GDM

The increased levels of maternal cholesterol in GDM (Table 3) are related with alterations in
the expression of proteins involved in lipid and cholesterol homeostasis [24,150,151].

Although MSPH is associated with decreased expression of LDL receptor in the placenta, the
effect of GDM-associated dyslipidemia on lipoprotein receptors expression is unknown
[24,32]. A study of microarray profile determined changes in the expression of multiple genes
involved in lipid and cholesterol metabolism in placental tissue of pregnancies coursing with
GDM. These genes include the fatty acid coenzyme A ligase, long chain 2, 3 and 4 (FACL2,3,4)
that catalyze the conversion of fatty acids into fatty acyl-CoA esters (precursors for the
synthesis of triglycerides, cholesterol, and membrane phospholipids), additionally 3-hy‐
droxy-3-methylglutaryl-Coenzyme A reductase (HMGCR), 3-hydroxy-3-methylglutaryl-
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1°trimester 2°trimester 3°trimester Reference

TG 101* 142* 187* [147]

(mg/dl) 286* 271* [183]

226* [184]

260* [185]

268 [24]

220 [158]

203 [186]
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vasodilation by over-release and/or accumulation of adenosine,  a nucleoside that induce
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Coenzyme A synthase (HMGCS 1) among other genes involved in the novo synthesis of
cholesterol were also regulated [150] and even when in this study the level of cholesterol were
not determined among normal and GDM pregnancies, these data suggest that GDM leads to
changes in genes related with cholesterol metabolism in the placenta. Previously was described
that MSPH associates with increased expression of FAS and SREBP2 in the placenta, while the
effect in FAS was observed also in placental cells from GDM without changes in SREBP2
expression [24].

These data suggest that both MSPH and GDM associates with changes in key element in the
lipids metabolism, however, if MSPH potentiate the effect of GDM over theses parameters is
unknown [6].

Another lipid modulator modified by GDM in placental cells is PLTP, a key protein involved
in the metabolism of fetal HDL. PLTP is expressed in endothelial cells of the placental
vasculature and is regulated as ABCA1 and ABCG1 by liver X receptor (LXR) nuclear receptors
[26,152,153]. Interestingly diabetes leads to increased levels of the principal ligand of LXR, the
oxysterols [154] and GDM associates with up-regulation of PLTP in endothelial cells of the
placenta [151] mainly due to the hyperinsulinemia and hyperglycaemia related with GDM.
The increased expression of PLTP could be a key phenomenon associated with the increased
concentration of HDL described in newborns from GDM [11,151]. Additionally, the increased
expression of PLTP in placental endothelial cells could affect the maternal to fetal cholesterol
transport, a phenomenon not yet evaluated and potential worsen by conditions as MSPH
where the mother-to-fetus cholesterol transport may be altered almost in the first months of
pregnancies when the levels maternal cholesterol correlates with the fetal ones [9].

6.2. Hypercholesterolemia in GDM and endothelial dysfunction

As was previously discussed, physiological increase in the levels of maternal cholesterol is
considered to be an adaptive response of the mother to satisfy the high lipids demand by the
growing fetus. The misadaptation to this condition leads to develop MSPH a phenomenon
associated with the earlier development of fetal atherosclerosis and with reduced endothelial
function of the umbilical vein [6].

Additionally and regarding with the development of atherosclerosis, it is recognized that GDM
correlates with endothelial dysfunction [34,39] and neonates of pregnancies coursing with
GDM have significant increase in aortic and umbilical artery intima-media thickness (IMT)
and higher lipid content, both markers of subclinical atherosclerosis that could increase the
atherosclerotic process later in life [12,155,156].

The effect of GDM in the aortic IMT of newborns was assayed and an increased intimal-
medial ratio was determined. Interestingly the IMT was evaluated in newborns of pregnan‐
cies coursing with GDM and increased levels of total cholesterol and LDL compared with the
control group [12]. Thereby may be possible to found a potential effect of MSPH in this phenom‐
enon. Similar findings were found in fetus in the lasts weeks of gestation where the IMT was
evaluated in umbilical artery, where umbilical IMT was increased in arteries from GDM
pregnancies, however the potential effect of maternal cholesterol was not evaluated [156].
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Unfortunately, nothing is yet available regarding the potential effects of MSPH in pregnancies
coursing with GDM on the development of endothelial dysfunction and atherosclerosis in
placental and eventually in fetal vessels at birth, a phenomenon that could leads to a poten‐
tiation of GDM-associated fetoplacental endothelial dysfunction.

7. Concluding remarks

MSPH is a risk factor promoting the development of atherosclerosis in the growing fetus and
in the children, however the effects of this condition in fetoplacental endothelium is unknown
even when increased levels of maternal cholesterol could lead to alterations in the hCAT-
mediated L-arginine transport and eNOS-synthesis of NO (i.e., the endothelial L-arginine/NO
signaling pathway) such as occurs in other vascular beds exposed to high cholesterol levels.

GDM is a condition that course with alterations of the L-arginine/NO signaling pathway in
the human fetoplacental vasculature, phenomenon resulting in abnormal bioavailability of
NO leading to altered vascular reactivity and changes in umbilical vessels blood flow with
consequences in the fetal growth and development.

Interestingly, some pregnancies coursing with GDM associates with MSPH and the possibility
that the observed fetoplacental endothelial dysfunction results from a potentiation of the
classical factor associated with GDM and the increased levels of cholesterol is likely.

Further studies are required to elucidate whether pregnancies coursing with GDM and MSPH
have different effect in placental endothelial function compare with those coursing with GDM
and normal levels of maternal cholesterol because it could be possible find a different mech‐
anism involved in both cases.

This may contribute to understand the mechanisms related with the vascular dysfunction
associated with GDM and allow establishing a better knowledge based- management of the
mother and the newborn.
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1. Introduction

Gestational diabetes mellitus (GDM) is a human pregnancy disease characterized by elevation
of glucose levels (i.e., hyperglycemia) responsible for a several adverse perinatal outcomes
included macrosomia, fetal hypoglycemia, requirement of neonatal intensive care and
neonatal mortality, among others. Estimation of the epidemiological impact of GDM has
indicated that at least 1 out of 10 pregnant woman is being affected by GDM worldwide. In
addition, GDM causes not only short-term complication in both mother and fetus, but also is
associated with elevated risk for long-term complication such as cardiovascular disease,
obesity and diabetes. Even though it is not feasible to exclude the genetic component in the
elevated risk for metabolic/cardiovascular disease later in life, the general agreement is that
hyperglycemia generates an adaptive response in the fetus addressing to control the glucose
level, characterized by hyperinsulinemia. Part of this adaptive response, might also include
the elevation in the placental consumption of glucose and enhancement of the feto-placental
blood flow, especially in fetus large-for-gestational age (LGA). On the other hand, due to lack
of innervation in the placenta, the vascular tone is controlled by the regulation of the synthesis
and release of vasoactive substances from the endothelium like vasoactive molecules, nitric
oxide, adenosine, prostaglandin, among others. Interestingly, vasoactive molecules may also
regulate endothelial proliferation and migration, suggesting that they also affect the vessel
formation (i.e., angiogenesis). In this regard, several studies have shown that placenta from
GDM is characterized by hypervascularization and elevation in the pro-angiogenic signals
including the secretion and activity of the vascular endothelial growth factor (VEGF). In
addition, hyperglycemia also generates a status of oxidative stress, where free radicals derived
from oxygen (ROS) induces changes in the endothelial cell membranes producing an elevation
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in the cell permeability. Therefore, it is feasible that the adaptive response -useful for surviving
in a hostile medium (i.e, hyperglycemia) - may be imprinting in the fetus and once he/she is
exposed to other different conditions after delivery, this response might constitute a risk factor
for developing metabolic diseases. In this chapter, we will review the available literature focus
on the role of feto-placental endothelial dysfunction as the possible main factor in the gener‐
ation of short-term complication during GDM and speculate how it may program the response
of the sibling exposed to GDM.

2. Gestational diabetes: Definition and epidemiology

Pregnancy  is  a  physiological  state  where  occurs  a  series  of  complex  anatomical  and
functional  adaptation in  the  mother  to  facilitate  the  development  of  fetus.  For  instance,
during the normal pregnancy a “physiological” insulin resistance is necessary to provide
glucose to the growing fetus [1]. However, this normal adaptation is no longer occurring in
some conditions and generates a clearly pathological state of insulin resistance, which is
called Gestational Diabetes Mellitus (GDM). Therefore, GDM has been defined as any degree
of glucose intolerance with onset or first recognition during pregnancy [2]. Specifically, the
World Health Organization (WHO) has stated that GDM encompasses impaired glucose
tolerance and diabetes identified as fasting glucose level ≥ 7 mmol/L or ≥ 126 mg/dL; or 2
hours plasma glucose after oral glucose (75 g) tolerance test (OGTT) ≥ 7.8 mmol/L or ≥ 140
mg/dL [3]. Despite this recommendation, it has been worldwide accepted recently a new
diagnosis  criteria,  which  it  has  been  given  by  the  Diabetes  in  Pregnancy  Study  Group
(IADPSG) based on the OGTT (fasting glucose ≥ 5.1 mmol/L or ≥ 92 mg/dl, or a one hour
result of ≥ 10.0 mmol/L or ≥ 180 mg/dl, or a two hours result of ≥ 8.5 mmol/L or ≥ 153 mg/
dL),  which  is  still  controversial  based  on  the  analysis  of  the  risk  for  perinatal  adverse
outcomes  [2].  This  discrepancy  has  been  extensively  discussed  in  the  literature  but  the
general agreement is that adverse perinatal outcomes occur in lesser degrees of hyperglyce‐
mia than the recommended as diagnostic criteria by the WHO [4].

Prevalence of diabetes for all ages is increasing worldwide, including women in fertile age.
Therefore, it is not surprising that diabetes diagnosis before or during gestation has been
defined as a public health problem [5]. Epidemiologically speaking, it has been estimated that
near to 90% of the diagnosis of diabetes in pregnancy is actually GDM [5]. More precisely,
GDM affects from 1.4% to 25.5% of pregnancies, however, its incidence will depend on the
population, which it has been tested and the diagnostic criteria used [6,7]. Thus, taken into
account the origin of the population, it has been described that women from Asian, African
American, and Hispanic background exhibit twice the risk for being diagnosed of GDM
compared to those of non-Hispanic White origin, a phenomenon observed also in women in
the lowest socio-economical quartiles compared to women in the highest quartiles [8,9].

The underling mechanisms responsible for GDM are under investigation; however, likewise
to other causes of type 2 diabetes, GDM is characterized by a dysfunction in the pancreatic β
cell, which does not produce enough insulin to meet the increased requirements of late
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pregnancy. Mechanistic studies reveal at least three possibilities: 1) The presence of anti-islet
cell antibodies (<10% cases); 2) Genetic variants of monogenic forms of diabetes (1-5% cases),
and 3) Presence of obesity and chronic insulin resistance (>80% cases) [10]. In addition, it has
been described that the large majority of the insulin secretory defects present in the third
trimester of gestation, are actually manifesting before and soon after pregnancy [10,11]. In this
way, considering that a) obesity, is a condition of insulin resistance and a common risk factor
to GDM, and b) insulin secretion during pregnancy increases according to gestational age in
women with and without GDM [10]; it has been reinforced the concept that chronic deficiency
rather than gestational-acquired deficiency of insulin secretion is the underling cause for GDM.
Consequently, these evidences have broken the traditional vision of GDM pathogenesis, where
the imbalance in glucose level at the third trimester of gestation has been consider exclusively
as a defect in the “physiological” insulin resistance present in pregnant women.

With regard to insulin, it is well known that it reduces the elevated level of blood glucose;
however, insulin is also regulating the metabolism of amino acids and lipids. Indeed, selective
damage of β-cell in animal models generates a severe lipid defects that induce animal death
[12,13]. This idea reinforces the general agreement of hyperglycemia is not the unique feature
that may be taken into account during GDM management. In addition, it has been reported
that in general, hyperglycemia is resolved after birth; however, there are epidemiological
evidences showing that GDM constitutes a risk factor for development of diabetes mellitus
type 2 (DMT2), as well as it constitutes a risk factor for hypertension in both mother and
offspring. Thus, it has been estimated that about 10% of women with GDM have diabetes
mellitus soon after delivery; whereas the rest will develop diabetes mellitus at rates of 20-60%
within 5-10 years after the manifestation of GDM in the absence of specific interventions to
reduce their risk [10]. Therefore these evidences have suggested that metabolic defects in GDM,
characterized by hyperglycemia, and fundamentally, insulin deficiency (relative in GDM) are
maintained after birth being a risk factor for metabolic and cardiovascular diseases in the
mother and her sibling.

3. Fetal and neonatal outcomes in GDM

Gestational diabetes is associated with multiple adverse perinatal outcomes which include in
the mother, haemorrhage, hypertensive disorders, obstructed labor, infection/sepsis, and
maternal mortality [14]. Thus, in the Hyperglycemia and Adverse Pregnancy Outcomes
(HAPO) study [4], which included a large number of participants (23.316) in nine countries,
who were divided into 7 groups according with the fasting and glucose plasma level observed
during OGTT; and importantly considering a level of glycaemia lower than the WHO criteria,
showed a linear relationship between glucose level (both fasting and after OGTT) with the
occurrence of adverse perinatal outcomes such as birth weight and cord-blood serum C-
peptide level above the 90th percentile, cesarean section, neonatal hypoglycemia, premature
delivery, shoulder dystosia or birth injury, intensive neonatal care, hyperbilirubinemia, and
maternal pre-eclampsia. On the other hand, at the fetal side, this study describes that the higher
level of glucose, the higher risk (between 1.37 and 5.01) of elevated birth weight. Thus,
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in the cell permeability. Therefore, it is feasible that the adaptive response -useful for surviving
in a hostile medium (i.e, hyperglycemia) - may be imprinting in the fetus and once he/she is
exposed to other different conditions after delivery, this response might constitute a risk factor
for developing metabolic diseases. In this chapter, we will review the available literature focus
on the role of feto-placental endothelial dysfunction as the possible main factor in the gener‐
ation of short-term complication during GDM and speculate how it may program the response
of the sibling exposed to GDM.
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called Gestational Diabetes Mellitus (GDM). Therefore, GDM has been defined as any degree
of glucose intolerance with onset or first recognition during pregnancy [2]. Specifically, the
World Health Organization (WHO) has stated that GDM encompasses impaired glucose
tolerance and diabetes identified as fasting glucose level ≥ 7 mmol/L or ≥ 126 mg/dL; or 2
hours plasma glucose after oral glucose (75 g) tolerance test (OGTT) ≥ 7.8 mmol/L or ≥ 140
mg/dL [3]. Despite this recommendation, it has been worldwide accepted recently a new
diagnosis  criteria,  which  it  has  been  given  by  the  Diabetes  in  Pregnancy  Study  Group
(IADPSG) based on the OGTT (fasting glucose ≥ 5.1 mmol/L or ≥ 92 mg/dl, or a one hour
result of ≥ 10.0 mmol/L or ≥ 180 mg/dl, or a two hours result of ≥ 8.5 mmol/L or ≥ 153 mg/
dL),  which  is  still  controversial  based  on  the  analysis  of  the  risk  for  perinatal  adverse
outcomes  [2].  This  discrepancy  has  been  extensively  discussed  in  the  literature  but  the
general agreement is that adverse perinatal outcomes occur in lesser degrees of hyperglyce‐
mia than the recommended as diagnostic criteria by the WHO [4].

Prevalence of diabetes for all ages is increasing worldwide, including women in fertile age.
Therefore, it is not surprising that diabetes diagnosis before or during gestation has been
defined as a public health problem [5]. Epidemiologically speaking, it has been estimated that
near to 90% of the diagnosis of diabetes in pregnancy is actually GDM [5]. More precisely,
GDM affects from 1.4% to 25.5% of pregnancies, however, its incidence will depend on the
population, which it has been tested and the diagnostic criteria used [6,7]. Thus, taken into
account the origin of the population, it has been described that women from Asian, African
American, and Hispanic background exhibit twice the risk for being diagnosed of GDM
compared to those of non-Hispanic White origin, a phenomenon observed also in women in
the lowest socio-economical quartiles compared to women in the highest quartiles [8,9].

The underling mechanisms responsible for GDM are under investigation; however, likewise
to other causes of type 2 diabetes, GDM is characterized by a dysfunction in the pancreatic β
cell, which does not produce enough insulin to meet the increased requirements of late

Gestational Diabetes - Causes, Diagnosis and Treatment136

pregnancy. Mechanistic studies reveal at least three possibilities: 1) The presence of anti-islet
cell antibodies (<10% cases); 2) Genetic variants of monogenic forms of diabetes (1-5% cases),
and 3) Presence of obesity and chronic insulin resistance (>80% cases) [10]. In addition, it has
been described that the large majority of the insulin secretory defects present in the third
trimester of gestation, are actually manifesting before and soon after pregnancy [10,11]. In this
way, considering that a) obesity, is a condition of insulin resistance and a common risk factor
to GDM, and b) insulin secretion during pregnancy increases according to gestational age in
women with and without GDM [10]; it has been reinforced the concept that chronic deficiency
rather than gestational-acquired deficiency of insulin secretion is the underling cause for GDM.
Consequently, these evidences have broken the traditional vision of GDM pathogenesis, where
the imbalance in glucose level at the third trimester of gestation has been consider exclusively
as a defect in the “physiological” insulin resistance present in pregnant women.

With regard to insulin, it is well known that it reduces the elevated level of blood glucose;
however, insulin is also regulating the metabolism of amino acids and lipids. Indeed, selective
damage of β-cell in animal models generates a severe lipid defects that induce animal death
[12,13]. This idea reinforces the general agreement of hyperglycemia is not the unique feature
that may be taken into account during GDM management. In addition, it has been reported
that in general, hyperglycemia is resolved after birth; however, there are epidemiological
evidences showing that GDM constitutes a risk factor for development of diabetes mellitus
type 2 (DMT2), as well as it constitutes a risk factor for hypertension in both mother and
offspring. Thus, it has been estimated that about 10% of women with GDM have diabetes
mellitus soon after delivery; whereas the rest will develop diabetes mellitus at rates of 20-60%
within 5-10 years after the manifestation of GDM in the absence of specific interventions to
reduce their risk [10]. Therefore these evidences have suggested that metabolic defects in GDM,
characterized by hyperglycemia, and fundamentally, insulin deficiency (relative in GDM) are
maintained after birth being a risk factor for metabolic and cardiovascular diseases in the
mother and her sibling.

3. Fetal and neonatal outcomes in GDM

Gestational diabetes is associated with multiple adverse perinatal outcomes which include in
the mother, haemorrhage, hypertensive disorders, obstructed labor, infection/sepsis, and
maternal mortality [14]. Thus, in the Hyperglycemia and Adverse Pregnancy Outcomes
(HAPO) study [4], which included a large number of participants (23.316) in nine countries,
who were divided into 7 groups according with the fasting and glucose plasma level observed
during OGTT; and importantly considering a level of glycaemia lower than the WHO criteria,
showed a linear relationship between glucose level (both fasting and after OGTT) with the
occurrence of adverse perinatal outcomes such as birth weight and cord-blood serum C-
peptide level above the 90th percentile, cesarean section, neonatal hypoglycemia, premature
delivery, shoulder dystosia or birth injury, intensive neonatal care, hyperbilirubinemia, and
maternal pre-eclampsia. On the other hand, at the fetal side, this study describes that the higher
level of glucose, the higher risk (between 1.37 and 5.01) of elevated birth weight. Thus,

Placenta and Diabetes
http://dx.doi.org/10.5772/55384

137



considering data on the difference in the birth weight between the lowest and the highest
glucose categories was about 300g. Therefore, this study suggests that maternal hyperglyce‐
mia, even in the “normal” range according with the WHO criteria, is related to clinically
important perinatal disorders.

Considering this report, a recent meta-analysis [2] which included a large number of patient
(44.829), containing who were included in the HAPO study and using the criteria recom‐
mended by the WHO, showed that diagnosis of diabetes was associated with high risk
(RR=1.37 to 1.88) for presenting macrosomia, large for gestational age, perinatal mortality, pre-
eclampsia and cesarean delivery. When the authors excluded the HAPO study from their meta-
analysis, the relative risks for the analyzed perinatal outcomes were minimally altered.
Specifically, and considering the highest risk described in this meta-analysis, women with
GDM exhibited a high risk for macrosomia (RR=1.81) and large for gestational age (RR=1.73).
This association between GDM and macrosomia is particularly important for our discussion,
since it has been described that fetal growth defects are associated with long-term complica‐
tion, including obesity and diabetes [15,16]. Nevertheless, another highlight of this meta-
analysis is that reduction in the criteria for “hyperglycemia” recommended by the WHO,
should be considered for the next generation.

Although discrepancies in cut off value of glucose level for diagnosis of GDM, most of the
alterations observed in GDM have been related with “hyperglycemia”. For instance, it has been
shown that intraperitoneal injections of high glucose in early pregnancy were associated with
a modest but significantly increased placental weight and fetal weight [17]. Therefore, authors
suggest that increased fetal growth may be explained by a large placenta and delivery of more
nutrients to be transferred to the fetus. Since macrosomia is also present in “normo-glycemic”
pregnant women, it has been suggested that other factors rather than high glucose by itself
may take part in the pathophysiology of maternal and fetal-neonatal complication present in
GDM [18]. In this way, other clinical components in GDM, included metabolic alteration such
as insulin resistance, as well as high levels of cholesterol, triglycerides, adenosine, nitric oxide,
and several other factors may disrupt normal function of maternal, placental and fetal tissues.
Specifically, it is well accepted that hyperglycemia in the fetus exposed to GDM, generates a
compensatory elevation of insulin; which in turn, is not only affecting glucose level, but also
is acting as a growth factor. In addition, insulin is also regulating the transport of other
nutrients such as amino acids or other regulatory elements such as adenosine [19,20,21]. In
particular, it has been described that insulin increases the L-arginine uptake in human
umbilical vein endothelial cells (HUVEC), a phenomenon associated with generation of vein
relaxation and increasing Sp1-activated SLC7A1 (for human cationic amino acid transport type
1, hCAT-1) expression [22]. In addition, it has been described that insulin increases the activity
of neutral amino acid through the system A [23]. On the other hand, insulin recovers the
reduced adenosine transport mediated by the Equilibrative Nucleside Transport type 1
(ENT-1) in HUVEC, an effect that was associated with increased relaxation of the umbilical
vein [24]. Therefore, the general consensus is that the fetus’s tissues (and in particular the
placenta) are able to generate a compensatory response characterized by hyperinsulinemia,
and aimed to revert the deleterious effect of GDM (i.e., hyperglycemia) and ultimately improve
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fetal survive. In this context, it has been suggested that this adaptive response (i.e., fetal
programming) may not match with the extrauterine environment, in both early and later life,
and it would be responsible for either neonatal complications after birth or long-term diseases
[15]. In the next section, it will be reviewed some of these evidences and the mechanisms linked
with fetal programming in GDM.

4. Programming and GDM

Programming is defined as "the phenomenon whereby a stimulus occurring during a critical
window of development, namely the prenatal and early postnatal periods, which can cause
lifelong changes in the structure and function of the body” [25]. In this regard, the concept that
the intrauterine environment might affect health later life became evident with the surprising
observation that low birth weight was associated with increased cardiovascular disease 40
years later [15,16,26]. Numerous epidemiological studies extended these observations to
suggest a role for the intrauterine environment as a leading cause of schizophrenia, depression,
cardiovascular diseases, stroke, diabetes, cancer, pulmonary hypertension, osteoporosis,
polycystic ovarian syndrome, among others in adult life [27,28,29,30]. These observational
relationships are supported by animal experiments, which fetal growth manipulation by
changing maternal nutrition or reducing blood flow to the placenta resulted in obesity,
increased blood pressure and other cardiovascular abnormalities in the offspring later life [31].
As indicated, most of this observation included newborns with restricted growth but the
contrary phenomenon (i.e., macrosomia) is observed in GDM.

In addition, a clear association between maternal diseases (including GDM) and future
implication in health in the offspring has been affected by several confounding variables such
as genetic factors (a particular phenotype may be genetically transmitted to the offspring),
paternal implication (the father genotype may affect the phenotype), gender (hormonal
differences may induce a particular gender-linked phenotype), diagnosis criteria used for
maternal disease (in the particular case of GDM, the level of glycaemia), retrospective eviden‐
ces (most of the epidemiological analysis coming from retrospective rather than prospective
studies), among others. Despite those confounding factors, most of the available data in the
case of GDM supports a predominant role for intrauterine exposition to hyperglycemia as one
of the underling mechanisms for future chronic disease in the offspring exposed to this disease
[25]. Among the evidences that support this assumption, it has been described that children
born after a diabetic pregnancy in Indian Pima women exhibited a high (6-fold) prevalence of
type 2 diabetes than those who were born from a non-diabetic pregnancy. Interestingly, this
high prevalence persists after a multivariable analysis, taken into account paternal diabetes,
age of onset of parental diabetes in father and mother and obesity in the offspring [32]. Besides,
another study showed that the risk of diabetes was significantly higher (≈ 4 fold) in siblings
born after GDM than those who were born before the mother has been diagnosed with diabetes
[33]. In the next section we will highlight some of those evidences.

Offspring “exposed” to GDM shows a high risk for developing obesity, impaired glucose
tolerance, type 2 diabetes, malignant neoplasm and hypertension in adulthood
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considering data on the difference in the birth weight between the lowest and the highest
glucose categories was about 300g. Therefore, this study suggests that maternal hyperglyce‐
mia, even in the “normal” range according with the WHO criteria, is related to clinically
important perinatal disorders.

Considering this report, a recent meta-analysis [2] which included a large number of patient
(44.829), containing who were included in the HAPO study and using the criteria recom‐
mended by the WHO, showed that diagnosis of diabetes was associated with high risk
(RR=1.37 to 1.88) for presenting macrosomia, large for gestational age, perinatal mortality, pre-
eclampsia and cesarean delivery. When the authors excluded the HAPO study from their meta-
analysis, the relative risks for the analyzed perinatal outcomes were minimally altered.
Specifically, and considering the highest risk described in this meta-analysis, women with
GDM exhibited a high risk for macrosomia (RR=1.81) and large for gestational age (RR=1.73).
This association between GDM and macrosomia is particularly important for our discussion,
since it has been described that fetal growth defects are associated with long-term complica‐
tion, including obesity and diabetes [15,16]. Nevertheless, another highlight of this meta-
analysis is that reduction in the criteria for “hyperglycemia” recommended by the WHO,
should be considered for the next generation.

Although discrepancies in cut off value of glucose level for diagnosis of GDM, most of the
alterations observed in GDM have been related with “hyperglycemia”. For instance, it has been
shown that intraperitoneal injections of high glucose in early pregnancy were associated with
a modest but significantly increased placental weight and fetal weight [17]. Therefore, authors
suggest that increased fetal growth may be explained by a large placenta and delivery of more
nutrients to be transferred to the fetus. Since macrosomia is also present in “normo-glycemic”
pregnant women, it has been suggested that other factors rather than high glucose by itself
may take part in the pathophysiology of maternal and fetal-neonatal complication present in
GDM [18]. In this way, other clinical components in GDM, included metabolic alteration such
as insulin resistance, as well as high levels of cholesterol, triglycerides, adenosine, nitric oxide,
and several other factors may disrupt normal function of maternal, placental and fetal tissues.
Specifically, it is well accepted that hyperglycemia in the fetus exposed to GDM, generates a
compensatory elevation of insulin; which in turn, is not only affecting glucose level, but also
is acting as a growth factor. In addition, insulin is also regulating the transport of other
nutrients such as amino acids or other regulatory elements such as adenosine [19,20,21]. In
particular, it has been described that insulin increases the L-arginine uptake in human
umbilical vein endothelial cells (HUVEC), a phenomenon associated with generation of vein
relaxation and increasing Sp1-activated SLC7A1 (for human cationic amino acid transport type
1, hCAT-1) expression [22]. In addition, it has been described that insulin increases the activity
of neutral amino acid through the system A [23]. On the other hand, insulin recovers the
reduced adenosine transport mediated by the Equilibrative Nucleside Transport type 1
(ENT-1) in HUVEC, an effect that was associated with increased relaxation of the umbilical
vein [24]. Therefore, the general consensus is that the fetus’s tissues (and in particular the
placenta) are able to generate a compensatory response characterized by hyperinsulinemia,
and aimed to revert the deleterious effect of GDM (i.e., hyperglycemia) and ultimately improve

Gestational Diabetes - Causes, Diagnosis and Treatment138

fetal survive. In this context, it has been suggested that this adaptive response (i.e., fetal
programming) may not match with the extrauterine environment, in both early and later life,
and it would be responsible for either neonatal complications after birth or long-term diseases
[15]. In the next section, it will be reviewed some of these evidences and the mechanisms linked
with fetal programming in GDM.

4. Programming and GDM

Programming is defined as "the phenomenon whereby a stimulus occurring during a critical
window of development, namely the prenatal and early postnatal periods, which can cause
lifelong changes in the structure and function of the body” [25]. In this regard, the concept that
the intrauterine environment might affect health later life became evident with the surprising
observation that low birth weight was associated with increased cardiovascular disease 40
years later [15,16,26]. Numerous epidemiological studies extended these observations to
suggest a role for the intrauterine environment as a leading cause of schizophrenia, depression,
cardiovascular diseases, stroke, diabetes, cancer, pulmonary hypertension, osteoporosis,
polycystic ovarian syndrome, among others in adult life [27,28,29,30]. These observational
relationships are supported by animal experiments, which fetal growth manipulation by
changing maternal nutrition or reducing blood flow to the placenta resulted in obesity,
increased blood pressure and other cardiovascular abnormalities in the offspring later life [31].
As indicated, most of this observation included newborns with restricted growth but the
contrary phenomenon (i.e., macrosomia) is observed in GDM.

In addition, a clear association between maternal diseases (including GDM) and future
implication in health in the offspring has been affected by several confounding variables such
as genetic factors (a particular phenotype may be genetically transmitted to the offspring),
paternal implication (the father genotype may affect the phenotype), gender (hormonal
differences may induce a particular gender-linked phenotype), diagnosis criteria used for
maternal disease (in the particular case of GDM, the level of glycaemia), retrospective eviden‐
ces (most of the epidemiological analysis coming from retrospective rather than prospective
studies), among others. Despite those confounding factors, most of the available data in the
case of GDM supports a predominant role for intrauterine exposition to hyperglycemia as one
of the underling mechanisms for future chronic disease in the offspring exposed to this disease
[25]. Among the evidences that support this assumption, it has been described that children
born after a diabetic pregnancy in Indian Pima women exhibited a high (6-fold) prevalence of
type 2 diabetes than those who were born from a non-diabetic pregnancy. Interestingly, this
high prevalence persists after a multivariable analysis, taken into account paternal diabetes,
age of onset of parental diabetes in father and mother and obesity in the offspring [32]. Besides,
another study showed that the risk of diabetes was significantly higher (≈ 4 fold) in siblings
born after GDM than those who were born before the mother has been diagnosed with diabetes
[33]. In the next section we will highlight some of those evidences.

Offspring “exposed” to GDM shows a high risk for developing obesity, impaired glucose
tolerance, type 2 diabetes, malignant neoplasm and hypertension in adulthood
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[34,35,36,37,38,39]. For instance, initially, it has been reported that offspring (10-16 years)
“exposed” to maternal diabetes showed a higher prevalence (6-fold) of impaired glucose
tolerance and body mass index than controls non-exposed [40]. Furthermore, this finding was
confirmed in another study including children (1-9 years) who their mothers presented
pregestational insulin-dependent diabetes (IDDM) or GDM [41]. Following to this study,
prospective data from the Framingham Offspring Study [42], which included a large sample
(2.527 subjects), found that offspring (26-82 years) of women with diabetes showed a high risk
(≈3-fold) to impaired glucose tolerance and type 2 diabetes compared to individuals without
parental diabetes. This risk was almost three times higher in children belong to diabetic
mothers <50 years. Moreover, another study also confirms these findings, where offspring
“exposed” to GDM exhibited ≈ 7 folds increase in the prevalence of type 2 diabetes or impaired
glucose tolerance compared to offspring from non-diabetic pregnancy [39]. Interestingly, this
risk was even higher than offspring of women with type 1 diabetes who presented ≈ 4 fold risk
for being diabetic [39], reinforcing the idea that maternal intrauterine environment generates
a particular phenotype which is not explained only by heritage. Nevertheless, Clausen et al
(2009) have reported a high risk (≈ 2 fold) for developing overweight or metabolic syndrome
in offspring of women with GDM or type 1 diabetes compared to offspring from non-diabetic
pregnancies. It has been also reported that the higher hyperglycemia in the mother [36] or the
weight for gestational age in children exposed to GDM [43], the higher risk for metabolic
syndrome in the offspring in future life.

Moreover, GDM is also associated with high risk for cardiovascular diseases in the offspring.
Thus, in a large cohort study, it has been reported that children exposed to GDM had higher
systolic blood pressure (≈3 mm Hg) than non-exposed children [44]. Moreover, other study
[38], which also included children (5-9 years) “exposed” to maternal diabetes, reported a higher
level of insulin resistance (i.e., HOMA index) than control subjects. On the other hand, another
recent report including more than 1.7 million singleton born in Denmark found that sibling
(followed for up to 30 years) “exposed” to GDM exhibited a high risk for developing malignant
neoplasm (2.2-fold) and for diseases of the circulatory system (1.3-fold) [45]. Interestingly, a
significantly higher risk for those groups of diseases were also observed in children whose
mother had type 1 diabetes or pre-gestational type 2 diabetes. Therefore, a hyperglycemic
intrauterine environment seems to be part of the pathogenesis of chronic metabolic and
cardiovascular disease in the offspring of GDM [36,37,39].

The mechanisms linked with fetal programming during GDM have been associated with
hyperglycemia, through the hypothesis of fuel-mediated toxicity (Freinkel’s hypothesis) [46],
which indicates that fetus experiences a “tissue culture” environment, in such circumstances,
where high availability of nutrients may induce a “fuel-mediated teratogenicity”. In this
scenario, high metabolism of glucose in the fetus may generate an excessive consumption of
oxygen (i.e., relative hypoxia) and consequently, it may generate an oxidative stress condition.
This last phenomenon, would affect the normal development of organs or systems that are
completing its development during late gestation and/or perinatal period, such as placenta,
kidney and vasculature [25]. Particularly, we will focus on the alterations observed in the
placental vasculature, early in life, that may support the association between elevated risk for
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cardiovascular disease during adulthood and GDM. In this regard, two branches of the
knowledge may be discuss: 1) Anatomical and functional alterations that are involved in the
deregulation of placental vascular tone control [47]; and 2) Alterations in the formation of new
blood vessels (i.e., angiogenesis) [48]. Since placental circulatory system form a continuous
network with the fetal circulation, it is feasible to propose that changes in the function and
regulation of all these vessels early after birth may give clues of the abnormalities that will
occur later in life.

5. GDM and placental anatomy/histology

The placenta- endocrine organ and an immune barrier - is the functional unit where occurs the
exchange of oxygen and carbon dioxide, the absorption of nutrient and the elimination of
metabolic waste. The placenta prevents the passage of macromolecules over 700 Daltons,
whereas the smallest particles can cross (for instance melatonin, catecholamines and other
hormones) [49,50]; therefore, this tissue exhibits a selective permeability that is known as the
placental barrier. In the formation of human placenta, the maternal vessels are invaded by
trophoblastic cells, which in turn are in direct contact with maternal blood. This type of
structure is named hemochorial placenta [51]. Two layers coexist in this structure, the maternal
and the fetal one. In the maternal side, a laminar degenerative process in the junctional zone
forms the maternal layer or uterine surface, which in general are formed by maternal vessels
where the endothelium has been replaced by placental cells (invasive cytothrophoblast),
remnants of endometrial glands and connective tissue. Moreover, grooves is shown in this
structure, which subdivide the surface of placenta in about 10-40 elevated areas similar to
lobules named maternal cotyledons, which are in perfect correlation with fetal cotyledon [51].
The fetal component, cotyledon, is formed by several villous trees (1-3 villous trees per fetal
cotyledon), which in fact are formed by chorionic villus. This anatomic and functional structure
are formed by syncytiotrophoblasts/cytotrophoblasts, stromal core villi and fetal vascular
endothelium [52].

Cytotrophoblast and differentiated syncytiotrophoblast are derived from trophoblastic cells.
The syncytiotrophoblast is a multinucleated and continuous layer of epithelial cells, which is
formed by the fusion of cytotrophoblasts. In the other hand, syncytiotrophoblast is covering
the villous trees and it is in direct contact with maternal blood, therefore, it is the area where
direct exchange of oxygen, nutrient and removal of waste products occurs [53]. Moreover,
syncytiotrophoblast have an endocrine function characterized by production of human
chorionic gonadotrophin (hCG) regulated by progesterone [50]. Besides, those cells also secrete
a variant of growth hormone (GH), human placental lactogen (hPL), insulin-like growth factor
I (IGF-I) and endothelial growth factor [50,53]. On the other hand, cytotrophoblasts (or
Langhans´cells) are continually differentiating into syncytiotrophoblast. In addition, this layer
also may synthesize hCG [54]. There is a trophoblastic basement membrane supporting these
two layers, cytotrophoblast and syncythiotrophoblast. This membrane forms the physical
separation of those layers with the stromal core villi, a structure formed by connective tissue
where the fetal vessels are immersed.
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[34,35,36,37,38,39]. For instance, initially, it has been reported that offspring (10-16 years)
“exposed” to maternal diabetes showed a higher prevalence (6-fold) of impaired glucose
tolerance and body mass index than controls non-exposed [40]. Furthermore, this finding was
confirmed in another study including children (1-9 years) who their mothers presented
pregestational insulin-dependent diabetes (IDDM) or GDM [41]. Following to this study,
prospective data from the Framingham Offspring Study [42], which included a large sample
(2.527 subjects), found that offspring (26-82 years) of women with diabetes showed a high risk
(≈3-fold) to impaired glucose tolerance and type 2 diabetes compared to individuals without
parental diabetes. This risk was almost three times higher in children belong to diabetic
mothers <50 years. Moreover, another study also confirms these findings, where offspring
“exposed” to GDM exhibited ≈ 7 folds increase in the prevalence of type 2 diabetes or impaired
glucose tolerance compared to offspring from non-diabetic pregnancy [39]. Interestingly, this
risk was even higher than offspring of women with type 1 diabetes who presented ≈ 4 fold risk
for being diabetic [39], reinforcing the idea that maternal intrauterine environment generates
a particular phenotype which is not explained only by heritage. Nevertheless, Clausen et al
(2009) have reported a high risk (≈ 2 fold) for developing overweight or metabolic syndrome
in offspring of women with GDM or type 1 diabetes compared to offspring from non-diabetic
pregnancies. It has been also reported that the higher hyperglycemia in the mother [36] or the
weight for gestational age in children exposed to GDM [43], the higher risk for metabolic
syndrome in the offspring in future life.

Moreover, GDM is also associated with high risk for cardiovascular diseases in the offspring.
Thus, in a large cohort study, it has been reported that children exposed to GDM had higher
systolic blood pressure (≈3 mm Hg) than non-exposed children [44]. Moreover, other study
[38], which also included children (5-9 years) “exposed” to maternal diabetes, reported a higher
level of insulin resistance (i.e., HOMA index) than control subjects. On the other hand, another
recent report including more than 1.7 million singleton born in Denmark found that sibling
(followed for up to 30 years) “exposed” to GDM exhibited a high risk for developing malignant
neoplasm (2.2-fold) and for diseases of the circulatory system (1.3-fold) [45]. Interestingly, a
significantly higher risk for those groups of diseases were also observed in children whose
mother had type 1 diabetes or pre-gestational type 2 diabetes. Therefore, a hyperglycemic
intrauterine environment seems to be part of the pathogenesis of chronic metabolic and
cardiovascular disease in the offspring of GDM [36,37,39].

The mechanisms linked with fetal programming during GDM have been associated with
hyperglycemia, through the hypothesis of fuel-mediated toxicity (Freinkel’s hypothesis) [46],
which indicates that fetus experiences a “tissue culture” environment, in such circumstances,
where high availability of nutrients may induce a “fuel-mediated teratogenicity”. In this
scenario, high metabolism of glucose in the fetus may generate an excessive consumption of
oxygen (i.e., relative hypoxia) and consequently, it may generate an oxidative stress condition.
This last phenomenon, would affect the normal development of organs or systems that are
completing its development during late gestation and/or perinatal period, such as placenta,
kidney and vasculature [25]. Particularly, we will focus on the alterations observed in the
placental vasculature, early in life, that may support the association between elevated risk for
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cardiovascular disease during adulthood and GDM. In this regard, two branches of the
knowledge may be discuss: 1) Anatomical and functional alterations that are involved in the
deregulation of placental vascular tone control [47]; and 2) Alterations in the formation of new
blood vessels (i.e., angiogenesis) [48]. Since placental circulatory system form a continuous
network with the fetal circulation, it is feasible to propose that changes in the function and
regulation of all these vessels early after birth may give clues of the abnormalities that will
occur later in life.

5. GDM and placental anatomy/histology

The placenta- endocrine organ and an immune barrier - is the functional unit where occurs the
exchange of oxygen and carbon dioxide, the absorption of nutrient and the elimination of
metabolic waste. The placenta prevents the passage of macromolecules over 700 Daltons,
whereas the smallest particles can cross (for instance melatonin, catecholamines and other
hormones) [49,50]; therefore, this tissue exhibits a selective permeability that is known as the
placental barrier. In the formation of human placenta, the maternal vessels are invaded by
trophoblastic cells, which in turn are in direct contact with maternal blood. This type of
structure is named hemochorial placenta [51]. Two layers coexist in this structure, the maternal
and the fetal one. In the maternal side, a laminar degenerative process in the junctional zone
forms the maternal layer or uterine surface, which in general are formed by maternal vessels
where the endothelium has been replaced by placental cells (invasive cytothrophoblast),
remnants of endometrial glands and connective tissue. Moreover, grooves is shown in this
structure, which subdivide the surface of placenta in about 10-40 elevated areas similar to
lobules named maternal cotyledons, which are in perfect correlation with fetal cotyledon [51].
The fetal component, cotyledon, is formed by several villous trees (1-3 villous trees per fetal
cotyledon), which in fact are formed by chorionic villus. This anatomic and functional structure
are formed by syncytiotrophoblasts/cytotrophoblasts, stromal core villi and fetal vascular
endothelium [52].

Cytotrophoblast and differentiated syncytiotrophoblast are derived from trophoblastic cells.
The syncytiotrophoblast is a multinucleated and continuous layer of epithelial cells, which is
formed by the fusion of cytotrophoblasts. In the other hand, syncytiotrophoblast is covering
the villous trees and it is in direct contact with maternal blood, therefore, it is the area where
direct exchange of oxygen, nutrient and removal of waste products occurs [53]. Moreover,
syncytiotrophoblast have an endocrine function characterized by production of human
chorionic gonadotrophin (hCG) regulated by progesterone [50]. Besides, those cells also secrete
a variant of growth hormone (GH), human placental lactogen (hPL), insulin-like growth factor
I (IGF-I) and endothelial growth factor [50,53]. On the other hand, cytotrophoblasts (or
Langhans´cells) are continually differentiating into syncytiotrophoblast. In addition, this layer
also may synthesize hCG [54]. There is a trophoblastic basement membrane supporting these
two layers, cytotrophoblast and syncythiotrophoblast. This membrane forms the physical
separation of those layers with the stromal core villi, a structure formed by connective tissue
where the fetal vessels are immersed.
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In the placenta, the blood vessels constitute the largest component among the structures
creating the cotyledons. These vessels are an intricate network coming from and going to
the fetus. In fact, placental vessels constitute a continuous circulatory system with the fetal
cardiovascular system. In the placenta, the veins are conducting oxygenated blood toward
the fetus, whereas the arteries contain deoxygenated blood toward the placenta. Anatomical‐
ly, from the umbilical cord to the deep in the placental cotyledons, the umbilical arteries
and veins branch themselves to form chorionic arteries and vein, respectively, over fetal
surface of the term placenta, and those branches subdivide themselves before entering into
the villi. The chorionic arteries generally cross over the chorionic veins [53]. Likewise other
vascular  beds,  in  the  placenta  the  veins  are  more  elastic,  exhibit  high  capacity  and  a
miniscule layer of both smooth muscle cells and adventitia compared to arteries; which in
turn  are  vessels  that  offer  a  high  resistance.  These  characteristics,  especially  those  ob‐
served  in  the  umbilical  cord,  have  been  used  for  functional  non  invasive  studies,  like
Doppler, in order to analyze the status of the feto-placental circulation. Finally, and similar
to any other tissue, the placenta blood vessels are lined by the endothelium. In fact, these
cells are obligatory constituent of blood microvessels [55]. The endothelial cells are support‐
ed by a basal membrane and pericytes, both of them involved in vessel permeability and
integrity, and importantly in the endothelium differentiation [56].

In GDM, it has been reported macroscopical and histological alterations in the term placenta.
For  instance,  placental  size  and placental  weight  [57]  are  elevated in  GDM, which pro‐
duce a  reduced fetal/placental  weight  ratio  compared to  normal  pregnancy [58,59],  that
means, the placenta growth is even higher than fetal growth. On the other hand, regard‐
ing studies, in syncytiotrophoblast from diabetes during pregnancy, have shown function‐
al  alteration in  this  cell  type.  Thus,  it  has  been described an increase in  the number of
cytotrophoblast identified by number of nuclei [60], high fibrin deposit over syncytiotropho‐
blast and hyperplasia of cytotrophoblast [59,61,62], whose in turn may be related with the
enhancement  of  the  thickness  of  syncytial  basement  membranes  in  GDM  compared  to
normal pregnancy [63]. Moreover, using functional studies of syncytiotrophoblast microvil‐
lous  membrane  vesicles,  Jansson  and  collages  [64]  showed  non-changes  in  the  glucose
transport in samples from GDM. Contrarily, other reports showed reduced glucose uptake
and glucose utilization [65], as well as low expression of glucose transporter type 1 (GLUT1)
and 3 (GLUT 3) in placentas from GDM compared with non-diabetic controls [66]. Other
alterations in the throphoblastic cells from GDM were low expression of serotonin transport‐
er (SERT) and receptors (5-HT2A) [67], as well as high activity of amino acid transporter
system A [68]. Nevertheless, it has been reported a high expression of inducible nitric oxide
synthase (iNOS) in the whole placenta but mainly in the trophoblastic cells using immuno‐
histochemistry in GDM [69], a phenomena that may be correlated with high nitric oxide
synthesis [24] and nitrative stress [70] observed in placentas from GDM.

In addition, it has been reported high level of degenerative lesions such as fibrinoid necrosis
and vascular lesions like chorangiosis, as well as elevated signs of villous immaturity and
presence of nucleated fetal erithrocytes in placentas from GDM compared to normal pregnancy
[58]. In particular, the presence of microscopic signs of villous immaturity (i.e., hypervascu‐
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larization), as well as the presence of fetal erithrocytes and microscopic signs of ischemia [71]
may suggest that placenta in GDM exhibits a high metabolic demand and oxygen consump‐
tion, which in turn, it is generating a “relative hypoxic” status in the fetus. Thus, it has been
reported in GDM that the elevation of plasma glucose in the umbilical vein is associated with
reduced oxygen saturation and oxygen content, as well as a significant increase of lactate
concentration compared with normal pregnancy [59]. Interestingly, these changes were not
observed in the umbilical artery, suggesting high placental oxygen consumption in GDM,
which may generate a compensatory response in the placenta itself. In fact, as it will be
described later in this chapter (see below), elevated vessel formation (i.e., angiogenesis) has
been described in the placenta from GDM [18,72,73,74,75], which may explain the high
placental “mass” observed in this disease. Therefore, placental alteration in GDM includes
changes in the transport of nutrients (such as amino acid), enhanced blood formation and
glucose consumption that may generate a “relative hypoxic” status. Unfortunately, all this
findings are described in term placenta; therefore, non-invasive test such as Doppler will offer
more clinically relevant information regarding fetal status and feto-placental circulation before
delivery.

6. Placental blood flow and GDM

One of the non-invasive techniques used widely to estimate the blood flow in the feto-placental
circulation is Ultrasound and Doppler. In this regard, the normal flow between 24 and 29 weeks
of gestation in the umbilical vein is 443 ± 91.6 ml/min and normalized to fetal weight is 131.0
± 19.8 (mL/kg/min) [76]. Moreover, the absence of end-diastolic blood flow before 36 weeks
gestation is utilized clinically as indicator of fetal distress such hypoxia and acidosis [77] and
this indicator is also associated to growth restriction [78].

Wharton’s jelly area is surrounding the two arteries and the vein in the umbilical cord, and
this jelly has a protective role for preventing interruption of flow by compression or twisting
caused by fetal movement [79]. Wharton’s jelly area can be determined by subtraction of
umbilical cord area and total vessels area (arteries and vein), and interestingly it is significant
correlated with gestational age and fetal anthropometric parameters [79,80], and also it has
been described that alterations in this parameter are associated to hypertensive disorders, fetal
distress, gestational diabetes and fetal growth restriction [80].

Doppler studies in umbilical vein from GDM have shown no changes neither in the pulsatile
index value in the umbilical artery nor in the mean total umbilical venous flow in fetus exposed
to GDM compared to normal pregnancy [81]. Interestingly, large for gestational-age fetus
showed an increase in the total umbilical venous flow, suggesting that high placental flow
toward the fetus may be associated with macrosomia. Moreover in macrosomic fetus without
diabetes, it has shown an increase in the umbilical vein blood flow associated with high systolic
velocity in the splenic, superior mesenteric, cerebral and umbilical arteries [82], suggesting an
increased fetal perfusion especially in the liver. The underling mechanisms for this redistrib‐
ution in the blood flow are unclear, but considering that GDM increases the synthesis of nitric
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In the placenta, the blood vessels constitute the largest component among the structures
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cardiovascular system. In the placenta, the veins are conducting oxygenated blood toward
the fetus, whereas the arteries contain deoxygenated blood toward the placenta. Anatomical‐
ly, from the umbilical cord to the deep in the placental cotyledons, the umbilical arteries
and veins branch themselves to form chorionic arteries and vein, respectively, over fetal
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served  in  the  umbilical  cord,  have  been  used  for  functional  non  invasive  studies,  like
Doppler, in order to analyze the status of the feto-placental circulation. Finally, and similar
to any other tissue, the placenta blood vessels are lined by the endothelium. In fact, these
cells are obligatory constituent of blood microvessels [55]. The endothelial cells are support‐
ed by a basal membrane and pericytes, both of them involved in vessel permeability and
integrity, and importantly in the endothelium differentiation [56].
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means, the placenta growth is even higher than fetal growth. On the other hand, regard‐
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lous  membrane  vesicles,  Jansson  and  collages  [64]  showed  non-changes  in  the  glucose
transport in samples from GDM. Contrarily, other reports showed reduced glucose uptake
and glucose utilization [65], as well as low expression of glucose transporter type 1 (GLUT1)
and 3 (GLUT 3) in placentas from GDM compared with non-diabetic controls [66]. Other
alterations in the throphoblastic cells from GDM were low expression of serotonin transport‐
er (SERT) and receptors (5-HT2A) [67], as well as high activity of amino acid transporter
system A [68]. Nevertheless, it has been reported a high expression of inducible nitric oxide
synthase (iNOS) in the whole placenta but mainly in the trophoblastic cells using immuno‐
histochemistry in GDM [69], a phenomena that may be correlated with high nitric oxide
synthesis [24] and nitrative stress [70] observed in placentas from GDM.

In addition, it has been reported high level of degenerative lesions such as fibrinoid necrosis
and vascular lesions like chorangiosis, as well as elevated signs of villous immaturity and
presence of nucleated fetal erithrocytes in placentas from GDM compared to normal pregnancy
[58]. In particular, the presence of microscopic signs of villous immaturity (i.e., hypervascu‐
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larization), as well as the presence of fetal erithrocytes and microscopic signs of ischemia [71]
may suggest that placenta in GDM exhibits a high metabolic demand and oxygen consump‐
tion, which in turn, it is generating a “relative hypoxic” status in the fetus. Thus, it has been
reported in GDM that the elevation of plasma glucose in the umbilical vein is associated with
reduced oxygen saturation and oxygen content, as well as a significant increase of lactate
concentration compared with normal pregnancy [59]. Interestingly, these changes were not
observed in the umbilical artery, suggesting high placental oxygen consumption in GDM,
which may generate a compensatory response in the placenta itself. In fact, as it will be
described later in this chapter (see below), elevated vessel formation (i.e., angiogenesis) has
been described in the placenta from GDM [18,72,73,74,75], which may explain the high
placental “mass” observed in this disease. Therefore, placental alteration in GDM includes
changes in the transport of nutrients (such as amino acid), enhanced blood formation and
glucose consumption that may generate a “relative hypoxic” status. Unfortunately, all this
findings are described in term placenta; therefore, non-invasive test such as Doppler will offer
more clinically relevant information regarding fetal status and feto-placental circulation before
delivery.

6. Placental blood flow and GDM

One of the non-invasive techniques used widely to estimate the blood flow in the feto-placental
circulation is Ultrasound and Doppler. In this regard, the normal flow between 24 and 29 weeks
of gestation in the umbilical vein is 443 ± 91.6 ml/min and normalized to fetal weight is 131.0
± 19.8 (mL/kg/min) [76]. Moreover, the absence of end-diastolic blood flow before 36 weeks
gestation is utilized clinically as indicator of fetal distress such hypoxia and acidosis [77] and
this indicator is also associated to growth restriction [78].

Wharton’s jelly area is surrounding the two arteries and the vein in the umbilical cord, and
this jelly has a protective role for preventing interruption of flow by compression or twisting
caused by fetal movement [79]. Wharton’s jelly area can be determined by subtraction of
umbilical cord area and total vessels area (arteries and vein), and interestingly it is significant
correlated with gestational age and fetal anthropometric parameters [79,80], and also it has
been described that alterations in this parameter are associated to hypertensive disorders, fetal
distress, gestational diabetes and fetal growth restriction [80].

Doppler studies in umbilical vein from GDM have shown no changes neither in the pulsatile
index value in the umbilical artery nor in the mean total umbilical venous flow in fetus exposed
to GDM compared to normal pregnancy [81]. Interestingly, large for gestational-age fetus
showed an increase in the total umbilical venous flow, suggesting that high placental flow
toward the fetus may be associated with macrosomia. Moreover in macrosomic fetus without
diabetes, it has shown an increase in the umbilical vein blood flow associated with high systolic
velocity in the splenic, superior mesenteric, cerebral and umbilical arteries [82], suggesting an
increased fetal perfusion especially in the liver. The underling mechanisms for this redistrib‐
ution in the blood flow are unclear, but considering that GDM increases the synthesis of nitric
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oxide in human umbilical vein endothelial cells [83], it is feasible to speculate that a overall
vasodilatation in the pre-hepatic and hepatic circulation would be taken part in this process.
Taken these evidences into account, it is feasible that elevated feto-placental blood flow and
hyperglycemia would be responsible for macrosomia in GDM. However, the underling
mechanisms of this relationship are part of ongoing investigations, and may include the
synthesis and secretion of vasoactive substances from the fetal-placental endothelium, as it
will be discussed in the next section.

a. Mechanism of vascular tone regulation in the placenta during GD: Role of endothelial
cells

Endothelium in the feto-placental circulation is involved in a series of specific mechanism
aimed to  ensure  the  input  of  nutrients  and oxygen to  the  fetus.  These  mechanisms in‐
clude; maintenance of physiological barrier, regulation of vascular tone and angiogenesis.
Importantly, feto-placental endothelium forms an uninterrupted tissue that will be extend‐
ed until fetal circulation, where it is exposed to the same metabolic and hormonal medi‐
um than endothelium of the fetus itself [84]. Moreover, since the lack of innervation of the
placenta, the regulation of vascular tone is mainly dependent on endothelial cells-mediat‐
ed  synthesis  and  release  of  several  vasoactive  substances  including,  nitric  oxide  (NO),
prostacyclin, thromboxane, endothelial derived hyperpolarizing factor (EDHF), adenosine,
mono or di or tri monophosphate of adenosine (AMP, ADP, ATP), among others [85,86,87].
These characteristics are summarized in the Figure 1, where it also described some function‐
al alterations observed in GDM. On the other hand, there are emerging evidences show‐
ing that endothelial cells are able to dedifferentiate into mesenchymal cells, via a process
called endothelial-to-mesenchymal transition (EndMT) [88,89], which in fact is related with
the capacity of the endothelium to migrate away from the vessel-lining and colonize other
tissues  where  dedifferentiation  may  occur  in  order  to  recover  the  particular  capacity
required by the invaded tissue. Additionally, endothelial cells exhibit a capacity to form
new vessels (i.e., angiogenesis) via enhancement of its proliferation and migration toward
the tissue where it would be required [90]. Both, dedifferentiation and vessel formation are
mechanisms controlled by extracellular signals that are sensed by membrane receptors in
the endothelium. Among others, transforming growth factor-β (TGF- β), VEGF, extracellu‐
lar nucleosides (i.e.,  adenosine, ATP) have been related with endothelial function. There‐
fore, it is not surprising that endothelium exhibits a specialized function according with its
cell localization and mainly according with the extracellular medium where they are seeded
[91,92,93].  Taken  these  evidences  into  account,  endothelium  has  been  considered  as  a
specialized endocrine organ which is able to control the vascular homeostasis in normal
conditions;  and  its  malfunctioning  (i.e.,  endothelial  dysfunction)  has  been  related  with
several cardiovascular diseases, including hypertension and diabetes [86,87,94].

Human placenta is an unique source of endothelial cells for studying functional differences
considering vessel distribution. Thus, it has been estimated that >70% of the placental tissue
is constituted by blood vessels and length of fetal capillaries would be covering an area of 223
miles [91]. In addition, since autonomic control of the vascular resistance will not be part of
the mechanisms for controlling blood distribution, endothelial cells are responsible for
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supplying this lack. Moreover, in human placenta, several studies have been shown that

endothelium exhibits morphological and functional differences according to the vascular bed
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Figure 1. Role of feto-placental endothelial function in fetal growth during normal pregnancy and gestational
diabetes. In normal pregnancy (Normal), the nutrients that includes glucose (Glu), amino acids (AA) are incorporated
to the feto-placental circulation via specific transporters (boxes) whereas liposoluble molecules such as free fatty acids
(FFA) and oxygen (O2) pass through by simple diffusion (i.e., without transporters). These transport mechanisms are in
a perfect equilibrium between demand and consumption, and they are highly dependent on the appropriated endo‐
thelial function in the placental vascular bed. In turn, endothelial function include: 1) the synthesis and release of vaso‐
active molecules including reactive nitrogen species (RNS) such as nitric oxide (NO), peroxinitrite (ONOO) and
nitrotyrosine (Y-ONOO); reactive oxygen species (ROS), such as superoxide (O2

-) and hydrogen peroxide (H2O2); prosta‐
glandin such as prostacyclin (PGI2) and thromboxane A2; purines including adenosine (Ado), adenosine tri-di-or mono
phosphate (ATP, ADP, AMP, respectively); and others factors such as carbon monoxide (CO), or insulin. 2) Capacity for
vessel formation form pre-existing vessels (i.e., angiogenesis). Both, vasomotor and angiogenic properties are modu‐
lating the fetoplacental blood flow continually by a cross talking between placenta and fetus. On the other hand,
there is an increase in the glucose level in the maternal circulation in gestational diabetes mellitus (GDM), which is
transported to the feto-placental circulation generating and stated of hyperglycemia, hyperinsulinemia and insulin re‐
sistance. In turn this high glucose uptake may generate elevated oxygen consumption due to high metabolism. This
elevation in the glucose metabolism in the placenta would generate an endothelial dysfunction characterized by ele‐
vation in RNS, ROS, prostaglandin and purine concentration in the feto-placental circulation, which consequently af‐
fects the tone regulation in the placenta. Moreover, relative hypoxic condition in GDM, may trigger an pro-angiogenic
response generating a condition of hypervascularization in the placenta and therefore creating a vicious circle. Those
alterations would be related with increased blood flow observed in Doppler studies. Finally, this high input of nu‐
trients and elevated circulation will be responsible for macrosomia in GDM.
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oxide in human umbilical vein endothelial cells [83], it is feasible to speculate that a overall
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prostacyclin, thromboxane, endothelial derived hyperpolarizing factor (EDHF), adenosine,
mono or di or tri monophosphate of adenosine (AMP, ADP, ATP), among others [85,86,87].
These characteristics are summarized in the Figure 1, where it also described some function‐
al alterations observed in GDM. On the other hand, there are emerging evidences show‐
ing that endothelial cells are able to dedifferentiate into mesenchymal cells, via a process
called endothelial-to-mesenchymal transition (EndMT) [88,89], which in fact is related with
the capacity of the endothelium to migrate away from the vessel-lining and colonize other
tissues  where  dedifferentiation  may  occur  in  order  to  recover  the  particular  capacity
required by the invaded tissue. Additionally, endothelial cells exhibit a capacity to form
new vessels (i.e., angiogenesis) via enhancement of its proliferation and migration toward
the tissue where it would be required [90]. Both, dedifferentiation and vessel formation are
mechanisms controlled by extracellular signals that are sensed by membrane receptors in
the endothelium. Among others, transforming growth factor-β (TGF- β), VEGF, extracellu‐
lar nucleosides (i.e.,  adenosine, ATP) have been related with endothelial function. There‐
fore, it is not surprising that endothelium exhibits a specialized function according with its
cell localization and mainly according with the extracellular medium where they are seeded
[91,92,93].  Taken  these  evidences  into  account,  endothelium  has  been  considered  as  a
specialized endocrine organ which is able to control the vascular homeostasis in normal
conditions;  and  its  malfunctioning  (i.e.,  endothelial  dysfunction)  has  been  related  with
several cardiovascular diseases, including hypertension and diabetes [86,87,94].

Human placenta is an unique source of endothelial cells for studying functional differences
considering vessel distribution. Thus, it has been estimated that >70% of the placental tissue
is constituted by blood vessels and length of fetal capillaries would be covering an area of 223
miles [91]. In addition, since autonomic control of the vascular resistance will not be part of
the mechanisms for controlling blood distribution, endothelial cells are responsible for
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Figure 1. Role of feto-placental endothelial function in fetal growth during normal pregnancy and gestational
diabetes. In normal pregnancy (Normal), the nutrients that includes glucose (Glu), amino acids (AA) are incorporated
to the feto-placental circulation via specific transporters (boxes) whereas liposoluble molecules such as free fatty acids
(FFA) and oxygen (O2) pass through by simple diffusion (i.e., without transporters). These transport mechanisms are in
a perfect equilibrium between demand and consumption, and they are highly dependent on the appropriated endo‐
thelial function in the placental vascular bed. In turn, endothelial function include: 1) the synthesis and release of vaso‐
active molecules including reactive nitrogen species (RNS) such as nitric oxide (NO), peroxinitrite (ONOO) and
nitrotyrosine (Y-ONOO); reactive oxygen species (ROS), such as superoxide (O2

-) and hydrogen peroxide (H2O2); prosta‐
glandin such as prostacyclin (PGI2) and thromboxane A2; purines including adenosine (Ado), adenosine tri-di-or mono
phosphate (ATP, ADP, AMP, respectively); and others factors such as carbon monoxide (CO), or insulin. 2) Capacity for
vessel formation form pre-existing vessels (i.e., angiogenesis). Both, vasomotor and angiogenic properties are modu‐
lating the fetoplacental blood flow continually by a cross talking between placenta and fetus. On the other hand,
there is an increase in the glucose level in the maternal circulation in gestational diabetes mellitus (GDM), which is
transported to the feto-placental circulation generating and stated of hyperglycemia, hyperinsulinemia and insulin re‐
sistance. In turn this high glucose uptake may generate elevated oxygen consumption due to high metabolism. This
elevation in the glucose metabolism in the placenta would generate an endothelial dysfunction characterized by ele‐
vation in RNS, ROS, prostaglandin and purine concentration in the feto-placental circulation, which consequently af‐
fects the tone regulation in the placenta. Moreover, relative hypoxic condition in GDM, may trigger an pro-angiogenic
response generating a condition of hypervascularization in the placenta and therefore creating a vicious circle. Those
alterations would be related with increased blood flow observed in Doppler studies. Finally, this high input of nu‐
trients and elevated circulation will be responsible for macrosomia in GDM.

Placenta and Diabetes
http://dx.doi.org/10.5772/55384

145



where they are coming from [84,87,91,92]. Some of these differences have been described in
recently published reviewers [84,87]. For instance and similarly to the pulmonary circulation
in the adult, the feto-placental endothelium has a particular distribution. The veins transport
oxygen and nutrients whereas the arteries contain de-oxygenated blood coming from the fetus.
In terms of endothelial-derived vasomotor response, it has been described that acute hypoxia
in the placental microvessels generates constriction [95], whereas this challenge generates
augmentation of the umbilical blood flow [96]; this phenomenon is attributed to blood
redistribution such occurs in the pulmonary circulation. Additionally, it has been also
described in samples from umbilical endothelial cells exposed to hypoxia, that the one from
the artery has a different response (i.e., high activation of endothelial nitric oxide synthase,
without changes in arginase-2) than endothelium vein (i.e, low activation of eNOS, associated
to high levels of arginase-2) [97]. In addition, HUVEC (i.e, macrovascular endothelium)
showed a reduced synthesis of angiotensin II, thromboxane B2, 6-keto-prostaglandin, and
endothelin 1,2 compared to placental microvascular endothelial cells (hPMEC) [91]. Other
functional differences occurred in the capacity for generating new vessels (i.e., angiogenesis).
Thus, placental microvascular placental cells exposed to VEGF or placental growth factor
(PlGF) showed a high mitogen response compared to HUVEC [91], a phenomena associated
with high expression of VEGF receptor 1 (VEGFR-1) and 2 (VEGFR-2) [98] in this cell type. In
addition, using feto-placental tissue it has been described that several genes related with
angiogenic response are preferentially expressed in microvascular than macrovascular
endothelium [86,87,91,92]. In this regards, studying functional differences between HUVEC
and hPMEC, preliminary results (see Figure 2) showed that the tube formation in matrigel is
faster in hPMEC than HUVEC, corroborating differences in the VEGF expression.

Several studies have reported dysfunction of feto-placental endothelium during GDM [18,74,
75,84,86,91,93,99]. In this regard, one of the most studied pathway in our group is the L-
adenosine/L-arginine/NO (i.e., ALANO pathway) [100]. For instances, it has been described
that L-arginine transport- mainly via the cationic aminoacid transport type 1 (CAT-1) - is
increased in HUVEC from GDM [87,100,101,102]. Besides this alteration, it has been described
high expression and activity of endothelial nitric oxide synthase (eNOS) [24,103] as well as
iNOS [69] in both umbilical and placental endothelium from GDM. This enhancement would
produce a high synthesis and release of NO [20,24], which in turn has been related with a
nitrative status in the placenta and umbilical cord from this disease [104,105]. In addition, NO
reduces the expression of adenosine transport via hENT-1 [83] and may generate augmentation
in the extracellular level of adenosine in umbilical blood [106]. In turn, adenosine activates
adenosine receptors (AR) spreading the vascular effects of NO in the feto-placental circulation
in both vascular tone regulation [87,100,102] and promoting angiogenesis (see below).
Therefore, it is feasible to speculate that the elevation in NO synthesis during GDM may
explain the augmented umbilical flow observed in macrosomic fetuses [82].

b. GD and oxidative stress in the placenta

As  detailed  above,  GDM  has  been  associated  with  impaired  placental  development
characterized by high placental weights and low ratios between fetal and placental weights
[107].  Remarkably,  one of  the cellular  mechanisms associated with the etiology of  these

Gestational Diabetes - Causes, Diagnosis and Treatment146

changes is the oxidative stress, which is related with an imbalance between the synthesis
of reactive oxygen and nitrogen species (ROS and RNS, respectively) and the activity of
antioxidant enzymes. The most relevant free radicals are superoxide (O2

•-) in the ROS group;
and nitric oxide (NO) and peroxinitrite (ONOO-) in the RNS group. In addition, consider‐
ing the diffusion distance, NO can diffuse from endothelial cells to smooth muscle cells,
whereas  O2

•-  and ONOO-  would have actions within the cells  where they were synthe‐
sized  [70].  The  main  sources  of  O2

•-  in  the  placenta  include  the  mitochondrial  electron
transport chain, xanthine oxidase, NADPH oxidase and uncoupled endothelial NO synthase
(eNOS)  [21,108],  whereas  the  main source  of  NO are  the  endothelial  and inducible  NO
synthases (eNOS and iNOS, respectively)[70,85].

The  oxidative  stress  is  an  inherent  condition  of  pregnancy  related  with  the  increasing
metabolism of  fetal  and  utero-placental  tissues,  which  results  in  a  continue  delivery  of
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Figure 2. Differential capacity in the angiogenic ability of the fetal endothelium. Representative images of tube
formation assay in matrigel using primary cultured human umbilical vein endothelial cells (HUVEC; i.e., macrovascular)
and human placental microvascular endothelial cells (hPMEC; i.e., microvascular) isolated from normal pregnancy. Af‐
ter overnight serum deprivation, cells were seeded on the matrigel in a different number since 10 x 103 to 30 x 103

cells/ml prepared in culture medium (M199) without serum. In the images is presented only HUVEC that were seeded
at 30 x 103 and hPMEC that were seeded at 10 x 103. Those cells were maintained in culture under standard conditions
(5% CO2, 37oC) during 0, 1, 2, 3 and 4 hours and cells were photographed. As indicated in the pictures, hPMEC exhibit
a more rapid response for tube formation under our culture condition and require lesser quantity of cells than HUVEC,
suggesting a differential physiological role of these cells in the fetal circulation.
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where they are coming from [84,87,91,92]. Some of these differences have been described in
recently published reviewers [84,87]. For instance and similarly to the pulmonary circulation
in the adult, the feto-placental endothelium has a particular distribution. The veins transport
oxygen and nutrients whereas the arteries contain de-oxygenated blood coming from the fetus.
In terms of endothelial-derived vasomotor response, it has been described that acute hypoxia
in the placental microvessels generates constriction [95], whereas this challenge generates
augmentation of the umbilical blood flow [96]; this phenomenon is attributed to blood
redistribution such occurs in the pulmonary circulation. Additionally, it has been also
described in samples from umbilical endothelial cells exposed to hypoxia, that the one from
the artery has a different response (i.e., high activation of endothelial nitric oxide synthase,
without changes in arginase-2) than endothelium vein (i.e, low activation of eNOS, associated
to high levels of arginase-2) [97]. In addition, HUVEC (i.e, macrovascular endothelium)
showed a reduced synthesis of angiotensin II, thromboxane B2, 6-keto-prostaglandin, and
endothelin 1,2 compared to placental microvascular endothelial cells (hPMEC) [91]. Other
functional differences occurred in the capacity for generating new vessels (i.e., angiogenesis).
Thus, placental microvascular placental cells exposed to VEGF or placental growth factor
(PlGF) showed a high mitogen response compared to HUVEC [91], a phenomena associated
with high expression of VEGF receptor 1 (VEGFR-1) and 2 (VEGFR-2) [98] in this cell type. In
addition, using feto-placental tissue it has been described that several genes related with
angiogenic response are preferentially expressed in microvascular than macrovascular
endothelium [86,87,91,92]. In this regards, studying functional differences between HUVEC
and hPMEC, preliminary results (see Figure 2) showed that the tube formation in matrigel is
faster in hPMEC than HUVEC, corroborating differences in the VEGF expression.
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75,84,86,91,93,99]. In this regard, one of the most studied pathway in our group is the L-
adenosine/L-arginine/NO (i.e., ALANO pathway) [100]. For instances, it has been described
that L-arginine transport- mainly via the cationic aminoacid transport type 1 (CAT-1) - is
increased in HUVEC from GDM [87,100,101,102]. Besides this alteration, it has been described
high expression and activity of endothelial nitric oxide synthase (eNOS) [24,103] as well as
iNOS [69] in both umbilical and placental endothelium from GDM. This enhancement would
produce a high synthesis and release of NO [20,24], which in turn has been related with a
nitrative status in the placenta and umbilical cord from this disease [104,105]. In addition, NO
reduces the expression of adenosine transport via hENT-1 [83] and may generate augmentation
in the extracellular level of adenosine in umbilical blood [106]. In turn, adenosine activates
adenosine receptors (AR) spreading the vascular effects of NO in the feto-placental circulation
in both vascular tone regulation [87,100,102] and promoting angiogenesis (see below).
Therefore, it is feasible to speculate that the elevation in NO synthesis during GDM may
explain the augmented umbilical flow observed in macrosomic fetuses [82].

b. GD and oxidative stress in the placenta

As  detailed  above,  GDM  has  been  associated  with  impaired  placental  development
characterized by high placental weights and low ratios between fetal and placental weights
[107].  Remarkably,  one of  the cellular  mechanisms associated with the etiology of  these
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and nitric oxide (NO) and peroxinitrite (ONOO-) in the RNS group. In addition, consider‐
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whereas  O2

•-  and ONOO-  would have actions within the cells  where they were synthe‐
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transport chain, xanthine oxidase, NADPH oxidase and uncoupled endothelial NO synthase
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The  oxidative  stress  is  an  inherent  condition  of  pregnancy  related  with  the  increasing
metabolism of  fetal  and  utero-placental  tissues,  which  results  in  a  continue  delivery  of

hP
M
EC

	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  	  	  
	  H
U
VE

C	  
2	  hour	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4	  hour	  

Figure 2. Differential capacity in the angiogenic ability of the fetal endothelium. Representative images of tube
formation assay in matrigel using primary cultured human umbilical vein endothelial cells (HUVEC; i.e., macrovascular)
and human placental microvascular endothelial cells (hPMEC; i.e., microvascular) isolated from normal pregnancy. Af‐
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(5% CO2, 37oC) during 0, 1, 2, 3 and 4 hours and cells were photographed. As indicated in the pictures, hPMEC exhibit
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oxygen –and nutrients- toward the developing fetus. In fact, it has been described that the
elevation in the normal metabolic rate of feto-placental tissues increases the oxidative stress
in  the  placental  [109].  Moreover,  in  placental  tissue  from  early  pregnancy  has  been
determined a higher activity of NADPH oxidase; therefore, the synthesis of O2

•-  is more
marked at the end of the first trimester than the activity in term placental tissue [110]. On
the other hand, studies using samples obtained from patients with GDM showed that there
is  an increased activity of  xanthine oxidase (XO) and a decreased activity of  catalase in
maternal plasma, umbilical cord plasma and placental tissue [111]. These findings showed
that there is an impairment of antioxidant defenses in the placenta and blood from mother
and newborn, which might be related with the high mortality and morbidity in both mother
and newborn observed during GDM pregnancies. In addition, placental tissues from GDM
exhibited a decreased response to oxidative stress induced by hypoxanthine plus XO, as
was  reflected  by  a  reduced  levels  of  catalase  and  glutathione  peroxidase  (GPx)  after
exposition  to  the  pro-oxidative  challenge,  suggesting  that  placental  tissues  from  GDM
would be exposed to damage in an oxidative environment [112].

The  hallmark  of  diabetes  is  hyperglycemia  whose  condition  has  been  associated  with
increases of synthesis of ROS and RNS in tissues and cell cultures from umbilical cord and
placenta.  There  is  an  increase  of  ROS  levels  in  HUVEC  exposed  to  high  extracellular
concentration of D-glucose mediated by activity of NADPH oxidase in a mechanism that
involved a decrease of NO bioavailability and increases of vascular reactivity in umbilical
veins [21,113]. In HUVEC, it  has been described that the higher increase in the NADPH
oxidase-mediated ROS induced by high concentration of D-glucose, the higher NO synthesis
mediated by eNOS [21,113]. Considering the reaction rate between O2

•- and NO, it is highly
probable that the hyperglycemic condition induces the synthesis of ONOO-;  therefore,  it
contributes to the development of endothelial dysfunction in umbilical cord and placenta.
Long-term incubation (7-14 days)  of  HUVEC with high concentration of  high D-glucose
increases the expression of regulatory subunits of NADPH oxidase p67phox and p47phox [114],
whereas  24  hours  incubation  of  the  same  cell  type  with  high  D-glucose  increases  the
expression  of  the  catalytic  subunits  NOX2 and NOX4 [113].  Thus,  an  increased expres‐
sion and activity of NADPH oxidase would be a hallmark of HUVEC exposed to hypergly‐
cemic, suggesting that the same phenomenon would be present in GDM.

On  the  other  hand,  recently  data  has  been  shown  that  in  trophoblastic  cells  ACH-3P,
incubated at 21 % oxygen and under normoglycemic condition, increases ROS levels after
3 days. Interestingly, ACH-3P cells treated (3 days) with high extracellular concentration
of D-glucose increases the ROS levels only in cells exposed to lower percentage of oxygen
(2.5 %). In fact, in ACH-3P cells, hyperglycemic conditions increase the mitochondrial O2

•-

levels. Therefore, this study is showing that ROS production in normoglycemia is oxygen-
dependent  but  oxygen-independent  in  hyperglycemia.  The  mechanism  involved  in  this
phenomenon could involve the increase of expression and/or activity of oxidant enzymes
present in placental tissue [115].

In summary, there is an imbalance in the control of redox cellular status in pathological
conditions related with increases blood concentrations of molecules that induce oxidative
stress, like GDM and hyperglycemia, probably due to a higher expression of oxidant enzymes
like NADPH oxidase, XO and deregulation of metabolic pathways of NO.
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c. Placental angiogenesis and GDM

Angiogenesis is a general term that involves the physiological process leading to growth
of new blood vessels from a pre-formed one. This is a vital process involved in embryolog‐
ical growth, tissue development, would healing of damaged tissues and in the context of
this chapter is a crucial process for placental development and fetal growth during normal
and GDM. In this regard, as it has been remarked before, macrosomia, present in GDM,
has been associated to increased nutrient delivery toward the fetus,  a  phenomenon that
may be related with increased blood flow due to vasodilatation of placental vessels [100].
Moreover, angiogenesis in the placenta is also controlling blood flow toward the fetus, and
in fact, the vessel formation proceed to any vascular function, this process (i.e., angiogene‐
sis)  has  been studied as  one of  the underling mechanism for  explaining macrosomia in
GDM [116,117,118,119].  Thus,  placentas  from GDM exhibits  elevated  number  of  redun‐
dant  capillary  connections  per  villi,  compared to  normal  pregnancy,  suggesting  a  more
intense capillary branching [120]. Moreover, there are increased placental capillary length,
branching  and  surface  area  that  have  been  reported  in  women with  type  1  [121],  pre-
gestational and gestational diabetes [18,74], as well as elevated number of terminal villi and
capillaries  in  women  with  hyperglycemia  [73].  In  addition,  it  has  been  reported  that
glycemic control was significant correlated with capillary surface area and capillary volume
in women with pre-gestational diabetes [117]. Moreover, it is well known that diabetes is
associated with increased angiogenic response in some specific tissues such as eye, where
hyperglycemia can lead to retinopathy [122]. Nevertheless, it has been shown that GDM is
associated to reduction in the circulating endothelial progenitor cells (EPC), in mother and
fetus  [123,124]  a  phenomenon  that  was  linking  with  reduced  capacity  for  recovering
endothelial dysfunction in GDM.

Associated mechanism behind increased placental angiogenesis in GDM may be related to the
pro-angiogenic effect of hyperglycemia [125], which in turn triggers an enhancement in the
placental synthesis and release of VEGF, as well as the expression of VEGF receptors (VEGFR)
and nitric oxide production [18]. Thus, it has been shown that the placentas from women with
hyperglycemia exhibited high levels of VEGF and VEGF receptor 2 (VEGFR-2) but reduced
expression of VEGF receptor 1 (VEGFR-1) [73]. Furthermore, it has been reported elevated
placental levels of VEGFR-1 mainly in vascular and throphoblastic cells in women with GDM
[73,126]. Also, alteration in VEGF-VEGFRs expression has been described in women with type
1 diabetes [18,61,75,127]. Thus, the increased secretion and activity of VEGF may explain
hypervascularization observed in placentas from DGM [58,71]

On the other hand, increased placental angiogenic response may also be related with hyper‐
insulinemia present in GDM. In this regard, it has been described that insulin activates at least
two types of insulin receptors (IR), type A (IR-A, associated with a mitogenic phenotype) and
type B (IR-B, associated with a metabolic phenotype), which are elevated in both HUVEC [24]
and hPMEC [106], respectively. This particular localization of insulin receptors in feto-
placental endothelium, may be linked with the differential proliferative capacity of endothelial
cells, since insulin increases the expression of several genes related with angiogenesis (i.e.,
EFNB2) and vascularization (i.e., EPAS1) mainly in placental derived endothelium [128],
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oxygen –and nutrients- toward the developing fetus. In fact, it has been described that the
elevation in the normal metabolic rate of feto-placental tissues increases the oxidative stress
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•-  is more
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placental levels of VEGFR-1 mainly in vascular and throphoblastic cells in women with GDM
[73,126]. Also, alteration in VEGF-VEGFRs expression has been described in women with type
1 diabetes [18,61,75,127]. Thus, the increased secretion and activity of VEGF may explain
hypervascularization observed in placentas from DGM [58,71]
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insulinemia present in GDM. In this regard, it has been described that insulin activates at least
two types of insulin receptors (IR), type A (IR-A, associated with a mitogenic phenotype) and
type B (IR-B, associated with a metabolic phenotype), which are elevated in both HUVEC [24]
and hPMEC [106], respectively. This particular localization of insulin receptors in feto-
placental endothelium, may be linked with the differential proliferative capacity of endothelial
cells, since insulin increases the expression of several genes related with angiogenesis (i.e.,
EFNB2) and vascularization (i.e., EPAS1) mainly in placental derived endothelium [128],
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therefore is feasible that functional clustering of insulin-regulated genes in this cell type may
promote their mitotic potential.

!"!#

$%&'()*++,+('#

-.&'()*++,+('#

/012"3456#######################7$/!#

!8*.9:;.*#

<2('=;.;.*############################<2);&',+;.*#
##############################################7>#

?2*7>1@*7>1#

A27;&'(B9.#

/*++#C'9+;D*'(B9.#
/*++#E;='(B9.#

F$0G#

H#

H#

Figure 3. Potential role of A2AAR/NO/VEGF signaling pathway in the cell migration and proliferation during gestation‐
al diabetes mellitus. In human umbilical vein endothelial cells (HUVEC), adenosine or adenosine receptor agonists
(CGS-21680 or NECA) activate A2A adenosine receptor (A2A) and trigger the activation (i.e., phosphorylation in serine
1177, p-eNOS) of endothelial nitric oxide synthase (eNOS), without changes in total eNOS, which in turn is associated
with elevation of nitric oxide synthesis (NO) and nitration of tyrosine residues (Y-nitration), enhancing the synthesis of
vascular endothelial growth factor (VEGF) and then this activation generates cell migration and proliferation. It is un‐
known (?) the mechanism(s) associated with the regulation of expression of VEGF mediated by A2A/NO signaling path‐
way. Preliminary results in our laboratory suggest that gestational diabetes mellitus (GDM) is associated with elevation
of adenosine extracellular levels and high activation and expression of A2A adenosine receptor characterized by high
(⇧) eNOS activation, NO formation and Y-nitration whose are associated to enhancement of cell proliferation and mi‐
gration and finally it would be occasioned elevated placental angiogenesis characteristic of this disease.

Another potential pathway, involved in the increase of placental angiogenesis during GDM,
may be the ALANO pathway described before [100]. In this regard, we have previously pro‐
posed that a dysfunction in this pathway is taken part in the physiopathology of reduced
placental angiogenesis in pre-eclampsia [129]. Therefore, it is feasible that the converse may
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be occurring in GDM. Considering this idea, preliminary results have shown that HUVEC
from gestational diabetes was associated with high expression of A2A and A2B adenosine re‐
ceptors (AR) (~6 and ~2-fold, respectively). Moreover, CGS-21680 (A2AAR selective agonist)
and NECA (AR non selective agonist) increase (~2 and 2.5-fold) cell proliferation in both
gestational diabetes and normal pregnancies; an effect that was blocked by ZM-241385
(A2AAR selective antagonist) only in normal pregnancies. Interestingly, a shift in the curve of
ZM-241385 by inhibiting the stimulatory effect of CGS-21680 was observed in diabetic preg‐
nancies compared with normal pregnancies (calculated Ki 1.3 ± 0.2 and 12.8 ± 3.4 nM, re‐
spectively). Interestingly, co-incubation with L-NAME (NOS non-selective antagonist)
blocked the CGS-21680-mediated proliferation in both normal and pathological pregnancies.
Therefore, this results suggest that A2AAR stimulation increases cell proliferation in gesta‐
tional diabetes through an intracellular pathway dependent of NO synthesis. Remarkable,
these results also suggested that a posttranslational modification in A2AAR could be in‐
volved in the reduced affinity to ZM-241385 in GDM (Escudero A and Escudero C, unpub‐
lished results) (see Figure 3).

7. Concluding remarks

As detailed above, intrauterine exposure to diabetes has been associated with high risk of
diabetes, obesity, as well as cardiovascular disease in the offspring. Although the genetic
component is hard to discard, the general agreement is that intrauterine exposition allows the
“transmission” of diabetes to the offspring. Several mechanisms have been proposed in order
to understand the relationship between maternal GDM and the risk of metabolic and cardio‐
vascular disease in the offspring. In this review, we have highlighted some information
regarding the potential role of placental dysfunction and particularly placental endothelial
dysfunction as one of the mechanisms linking with fetal programming in GDM. This relation‐
ship is not arbitrary because it may constitute the basis for explaining other pregnancy diseases
such as growth restriction or pre-eclampsia, where the same alteration, might explain the
predisposition that the children “exposed” to those diseases could develop metabolic or
cardiovascular disease later in life. Therefore, if we consider this phenomenon (i.e., endothelial
dysfunction) is a “normal” response in front of intrauterine stressful conditions, such as GDM
or intrauterine growth restriction or pre-eclampsia; it would offer an opportunity to plan
clinical strategies addressing to evaluate and control endothelial function as soon as the babies,
exposed to those diseases, have been born. Finally, a general recommendation would be that
it is necessary to establish a consensus for diagnosis of GDM. This is particularly important
because hyperglycemia would be one of the most affecting factors involved in the endothelial
dysfunction and fetal programming.
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