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Abstract research study 1 
 

Cross-talk between foetal membranes and visceral adipose tissue involves 
HMGB1-RAGE and VIP-VPAC2 pathways in human gestational diabetes 

mellitus 
 
 

 
Introduction: Gestational diabetes mellitus (GDM) is defined as glucose intolerance that is 

first diagnosed during pregnancy. Foetal membranes (FMs) and maternal visceral adipose 

tissue (VAT) secrete various molecules that are relevant players in the pathogenesis of 

GDM.  

Aim: This pilot study aimed to comparatively evaluate the expression of high mobility group 

box 1 protein (HMGB1) and its receptor for advanced glycation end products (RAGE), and 

vasoactive intestinal peptide (VIP) and its receptors (VPAC1, VPAC2) in FMs and VAT in 

GDM and in healthy pregnant women.  

Patients and Methods: FMs, omental VAT explants, and serum samples were obtained 

from twelve patients with GDM and twelve pregnant women with normal glucose tolerance 

(NGT) at delivery. The expression of HMGB1, RAGE and VIP, VPAC1 and VPAC2 was 

detected by Western Blotting in explants; circulating levels and in vitro release of HMGB1 

and VIP were measured by ELISA tests. 

Results: HMGB1 tissue expression was higher in FMs obtained from GDM patients 

(p=0.02) than in FMs from NGT women. VPAC2 (p=0.03) and RAGE (p=0.03) tissue 

expressions were significantly increased in VAT from GDM patients compared to NGT. 

Only FMs of NGT released detectable levels of HMGB1, which was not observed in samples 

obtained from GDM. VAT of GDM released lower levels of VIP (p=0.05) than NGT 

samples. 

Conclusions: This study suggests that a fine tuned regulation exists between FMs and VAT 

throughout pregnancy to maintain immune metabolic homeostasis. In GDM a balance 

between pro-inflammatory and anti-inflammatory mediators has been observed. Further 

studies are needed to establish their exact role on foetal and maternal outcomes in GDM. 
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Abstract research study 2 
	

MicroRNA expression profile in circulating exosomes and plasma of patients 
with GDM and healthy pregnant women 

 
Introduction: MicroRNAs are small non-coding RNAs, playing critical roles in modulating 

gene expression. The deregulation of microRNAs has been observed in GDM, highlighting 

their crucial involvement both in the pathogenic mechanisms of this condition and in the 

development of its complications. Circulating microRNAs can be packaged into exosomes, 

and exosome signalling has emerged as a novel mechanism of cell-to-cell communication. 

Through exosomes, microRNAs are delivered in distant target cells and are able to affect 

gene expression.  

Aim: The aim of this study was to explore microRNA expression in circulating exosomes 

and in plasma obtained from patients with GDM and healthy control subjects in the third 

trimester of gestation, to potentially elucidate some relevant aspects of GDM 

pathophysiology and individuate novel potential candidate biomarkers for GDM. 

Patients and Methods: A profiling cohort of plasma samples collected from GDM (n=3, 

age: 34.7 ± 4.9 years; BMI 27.0 ± 3.7 Kg/m2) and NGT women (n=3, age: 34.3 ± 3.1 years; 

BMI 26.4 ± 1.1 Kg/m2) was recruited. In addition, a profiling cohort of healthy non-pregnant 

age- and BMI-matched women (NP, n=5) was used as negative control. The microRNA 

patterns of expression in exosomes and plasma have been assessed with the innovative 

technology NanoString nCounter microRNA expression (NanoString Technologies inc., 

Seattle, WA, USA). Target gene identification and bioinformatics analysis of the 

differentially expressed microRNAs have been performed with Ingenuity Pathway Analysis 

(IPA, QIAGEN Redwood City, USA). 

Results: A specific set of microRNAs resulted to be differentially expressed in exosomes 

and plasma from GDM patients compared to NGT. Specifically, five exosomal microRNAs 

were significantly upregulated, while 23 were downregulated in GDM compared to NGT. 

As for plasma, 4 microRNA were upregulated, while 9 were downregulated in GDM 

compared to NGT. In addition, two microRNAs, miR-196a-5p and miR-652, resulted to be 

significantly downregulated in GDM compared both to NGT and NP in exosomes and 

plasma, respectively, suggesting that their deregulation might hallmark GDM pregnancy.  In 

bioinformatics analysis the major predicted target genes and biological processes of the 

deregulated microRNAs were associated with insulin resistance, abnormal glucose and lipid 

metabolism, consistently linked to GDM pathophysiology. 
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Conclusions: GDM might markedly alter microRNA profile in exosomes and plasma, 

conceivably mirroring the metabolic alterations described in GDM pregnancy. In light of 

this, exploring circulating microRNA expression might help unravel the molecular events 

leading to the metabolic alterations observed in GDM. 
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Chapter 1. Gestational diabetes mellitus: an overview 
 

Gestational Diabetes Mellitus (GDM) is a metabolic disease diagnosed in the second or third 

trimester of pregnancy (1). This condition is increasingly frequent worldwide due to the large 

spread of obesity (2). The global figures of GDM range from 5.8% to 12.9%, displaying 

important differences among countries (3). Unless properly diagnosed and treated, GDM 

can lead to poor pregnancy outcomes. Women with GDM are at increased risk for gestational 

hypertension and pre-eclampsia (4). Shoulder dystocia, birth trauma and preterm delivery, 

due to excessive foetal growth, are common birth complications (5). Other short-term 

adverse outcomes include hypoglycaemia, hypoxia, risk of stillbirth and respiratory distress 

syndrome	(6). Remarkably, the negative impact of GDM is observed even later in life, both 

in the mother and in the offspring. Importantly, mothers previously diagnosed with GDM 

display an increased risk of developing type 2 diabetes (T2D) and metabolic syndrome (7). 

Similarly, a higher risk of metabolic diseases and cardiovascular disease (CVD) has been 

reported in children born to mothers affected by GDM over adulthood (8,9).  

Current diagnostic criteria for GDM have been established by the International Association 

of Diabetes and Pregnancy Study Groups (IADPSG) and ensued from the results of the 

Hyperglycaemia and Adverse Pregnancy Outcome (HAPO) study (4). A strong link between 

high maternal glucose and the occurrence of adverse pregnancy outcomes emerged in this 

multinational longitudinal study of a large cohort of pregnant women, helping individuate 

the glycaemic thresholds for GDM diagnosis. According to the IADPSG recommendations, 

an oral glucose tolerance test (OGTT) with 75 g-glucose is performed at 24-28 weeks of 

gestation. Fasting, 1-h and 2-h plasma glucose are assessed and the cut-off values of 

glycaemia at OGTT are 5.1 mmol/l, 10 mmol/l and 8.5 mmol/l, respectively. One or more 

values exceeding or equalling these thresholds establish the diagnosis of GDM (10). 

Although the IADPSG does not recommend routinely screening before 24-28 weeks of 

gestation, detecting GDM as early as possible is crucial to avoid poor pregnancy outcomes. 

Accordingly, a screening approach that takes into account the main GDM risk factors might 

anticipate the diagnosis and prevent complications (11). Overweight/obesity, excessive 

weight gain, history of previous GDM or macrosomia, advanced maternal age, first degree 

family history of T2D, multi-parity and non-Caucasian ethnicity are well-established risk 

factors for GDM (12-14). In addition, lifestyle, such as diet, physical activity or emerging 

environmental factors are likely to have an impact on the risk of developing GDM (15,16). 

The identification of phenotypic classes associated with adverse outcomes, defined by the 



	 9	

presence of some risk factors, turned out to be potentially useful in customizing and 

modulating the diagnostic and therapeutic approach in GDM.  

Insulin resistance and β-cell dysfunction are the main pathophysiological features of GDM. 

Insulin sensitivity significantly varies throughout pregnancy, constantly adapting to the 

energy demands of the mother and the foetus. Overall, insulin sensitivity follows a biphasic 

trend in healthy pregnancy, experiencing a sharp increase initially and a marked reduction 

as pregnancy evolves. The metabolic adaptation observed in the initial phase (the first two 

trimesters) is aimed at storing essential sources of energy, such as glucose and fatty acids, 

as fat deposits, necessary for the next stages of pregnancy (17). Estrogens and progesterone 

synthesis progressively increases, together with other molecules of placental origin, such as 

human placental lactogen and human placental growth hormone, contributing to the 

progressive fall in insulin sensitivity. Thus, the insulin resistance state observed in 

physiological pregnancy is an adaptive response that favours the rise in glucose and free 

fatty acid blood levels, shifting energy sources from the mother to the foetus (18). The 

pancreatic β-cell largely compensates through an increased insulin release. Hypertrophy and 

hyperplasia of β-cell mass, explained by enhanced proliferation and reduced apoptosis, have 

been reported in human pregnancy (19). However, if β-cell dysfunction occurs, the 

compensative effect is lost and GDM becomes manifest.  

Insulin resistance is a consequence of impaired peripheral insulin signalling. Indeed, glucose 

uptake is almost halved and insulin resistance is enhanced in GDM compared to healthy 

pregnancy (20). Insulin signalling is affected by altered phosphorylation of the insulin 

receptor or insulin receptor substrate (IRS)-1, although the number of receptors on the cell 

surface is preserved (21). Remarkably, pro-inflammatory cytokines contribute to the 

development of insulin resistance. In pregnancy complicated by GDM, an exacerbated pro-

inflammatory state has been reported, compared to healthy pregnancy. Adipose tissue and 

gestational tissues are able to secrete pro-inflammatory cytokines, such as TNF-α, IL-1-β 

and IL-6, that impair insulin signalling by inhibiting IRS-1 through serine phosphorylation 

(22).  

As regards β-cell dysfunction, it has been observed that it is reduced by 30–70% in GDM, 

indicating that β-cells are unable to compensate for the increase in insulin resistance, 

resulting in the development of GDM (23). However, whether it is a consequence of 

excessive insulin secretion or a hidden pre-existing condition that arises when the 

compensatory effect is required remains unclear.  



	 10	

The mechanisms underlying β-cell dysfunction are not fully uncovered, but are likely to 

overlap those described in T2D. Largely, alterations at each step of insulin synthesis or 

secretion have been described, and β-cell dysfunction is triggered by hyperglycaemia and 

hyperlipidemia (24). Oxidative stress, mitochondrial dysfunction, endoplasmic reticulum 

stress are well-established consequences of glucotoxicity and lipotoxicity, and impair insulin 

synthesis, secretion and β-cell survival (25). Pro-inflammatory cytokines further promote 

endoplasmic reticulum stress, and are able to induce β-cell de-differentiation (26).   

The treatment of GDM is aimed to achieve normal levels of fasting plasma glucose (FPG) 

and post-prandial glycaemia (PPG) in order to prevent complications. Indeed, high glucose 

levels, especially postprandial elevations, are linked to negative pregnancy outcomes (27). 

The first therapeutic approach consists of dietary and lifestyle modifications. However, 

insulin therapy is mandatory unless good glycaemic control is achieved (28). Medical 

nutritional therapy should provide adequate nutrients for normal foetal growth, but it should 

not induce maternal weight gain or loss. Gestational weight gain is largely due to excessive 

energy intake and fuel requirements usually increase from 10 to 30 weeks of gestation. 

Caloric restriction is not recommended during pregnancy, even in GDM, because it may 

have adverse effects on birth weight. Advice for energy intake, as well as for weight gain, 

should take into account pre-pregnancy BMI	(29).  
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Chapter 2. Research study 1 
 

 
Taken from: 
 

Cross-talk between foetal membranes and visceral adipose tissue involves 
HMGB1-RAGE and VIP-VPAC2 pathways in human 

gestational diabetes mellitus 
 

 
Santangelo Carmela, Filardi Tiziana, Perrone Giuseppina, Mariani Marianna, Mari 
Emanuela, Scazzocchio Beatrice, Masella Roberta, Brunelli Roberto, Lenzi Andrea, Zicari 
Alessandra, Morano Susanna 
 
 
In Acta Diabetol. 2019 Jun;56(6):681-689 
doi: 10.1007/s00592-019-01304-x. Epub 2019 Feb 28.  
PMID: 30820673 

 
 
 
 
INTRODUCTION 
 
Inflammation and immune response in physiological pregnancy 
 
Physiological pregnancy is hallmarked by an altered inflammatory profile compared to the 

non-pregnant state. In particular, in the earliest stages of pregnancy, the local inflammatory 

response is crucial for the embryo implantation after conception. By contrast, in the post-

implantation phase, the innate immune response is finely regulated and the adaptive immune 

response is relatively suppressed, in order to prevent foetal rejection and to establish 

maternal-foetal tolerance (22). The result of the complex regulation of the immune response 

in pregnancy is a systemic low-grade inflammatory state, which derives from the fine 

balance between pro- and anti-inflammatory cytokine production (30). The main pro-

inflammatory cytokines produced in pregnancy are Tumor Necrosis Factor-α (TNF-α), 

interleukin-1ß (IL-1ß) and interleukin-6 (IL-6). On the contrary, interleukin-10 (IL-10) and 

the Transforming Growth Factor-ß (TGF-ß) have anti-inflammatory actions.  

As regards adaptive immunity, in physiological pregnancy the T-helper (Th) cells mainly 

polarize towards a Th2 profile, hallmarked by the production of anti-inflammatory cytokines 

(IL-10, IL-4, IL-5, IL-13). Differently, the production of pro-inflammatory cytokines, such 

as interleukin-2 (IL-2), interferon-γ (IFN-γ) and TNF-α is sustained by the Th1 profile. The 

predominance of the Th2 response has a protective role on the maternal-foetal relationship. 
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In particular, it has been observed that high circulating levels of cytokines of the Th1 line 

are associated with spontaneous abortion in the early stage of pregnancy (31-33). 

During pregnancy, gestational tissues (placenta and foetal membranes) and maternal adipose 

tissue are important sites of cytokine production, which play a wide variety of autocrine, 

paracrine and endocrine functions.  

 

The placenta 
	
The placenta is a tissue of both maternal and foetal origin, consisting of a maternal side and 

a foetal side. The maternal side is the basal decidua, which is the pregnancy endometrium, 

while the foetal side, also named villous chorion, contains the chorionic villi anchored to the 

basal decidua. The placenta is both a target tissue for systemic cytokines and a site of 

cytokine production. Indeed, from the earliest stages of its development, the placenta 

contributes to the synthesis and the release of a wide range of cytokines, with local and 

systemic actions (34). Specifically, the Hofbauer cells (the resident placental macrophages), 

the cytotrophoblast, the syncytiotrophoblast and the vascular endothelial cells, are able to 

release all the currently known cytokines (35). Remarkably, the contribution of each cell 

type to the pregnancy cytokine network considerably varies between the different stages of 

pregnancy and is not yet completely clear. At the maternal-foetal interface, the placenta is 

exposed to cytokines deriving from both maternal and foetal circulation. While some authors 

have reported that maternal pro-inflammatory cytokines do not cross the foetal-placental 

barrier (36), other studies have observed a minimal cross-placental passage of cytokines 

from the mother to foetus. Therefore, the cytokines identified in the foetal circulation seem 

to originate from the mother, the placenta and the foetus itself (37). 

 

Foetal membranes 
	
Foetal membranes (FMs) are tissues of foetal origin, located at the interface between the 

mother and the foetus. They include the amnion, which delimits the amniotic cavity, and the 

smooth chorion, connected to the maternal decidua. 

The amnion and the smooth chorion are considered as a single functional unit: the amnio-

chorionic membrane. Not only are FMs essential for mechanical support to the foetus, but 

they have also multiple immune-endocrine functions. In particular, the isolated amnio-

chorionic tissue is able to produce pro-inflammatory cytokines (IL-1α/ß, IL-6, TNF-α), 

lymphocytic (IL-2)/macrophage (IL-15) cytokines , anti-inflammatory cytokines (IL-4, IL-
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10, IL1RA, TGF-ß), interferons, chemokines [Monocyte Chemoattractant Protein (MCP)-

1/2/3/4, Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES), 

Macrophage Inflammatory Proteins (MIP-1α/ß)], chemokines (mainly IL-8), hematopoietic 

growth factors [Macrophage Colony-Stimulating Factor (M-CSF)]. The expression of these 

molecules can be constitutive or induced by various pro-inflammatory triggers (physical 

stress, prostaglandin E2, TNF-α, products of bacterial and viral origin). Pro-inflammatory 

cytokines and chemokines produced by FMs play a central role in the defence against 

pathogens, in the maintenance of maternal-foetal tolerance and in the physiological events 

during labour and delivery (38). 

 

 
Inflammation and immune response in GDM pregnancy 
 
In GDM pregnancy the inflammatory response is amplified. Prospective studies have shown 

an increase in the expression of pro-inflammatory cytokines and a reduction in the 

expression of anti-inflammatory cytokines in patients with GDM (39,40). 

Immune cells, adipose tissue and gestational tissues contribute to the amplification of the 

systemic inflammatory state in GDM, and the altered inflammatory profile influences 

glucose metabolism: pro-inflammatory signals can activate signal transduction pathways, 

such as the Jun-N-terminal Kinase (JNK) and Ikß kinase (IKK)/NF-kB pathways, impairing 

insulin signalling in peripheral tissues by inhibiting IRS-1 through serine phosphorylation 

(30,41).   

An increased expression of the pro-inflammatory cytokine TNF-α in GDM has been reported 

in observational studies. Several cross-sectional studies have shown an association between 

higher levels of circulating TNF-α in the second and third trimester of pregnancy and the 

presence of GDM (42,43). A meta-analysis of 10 observational studies showed elevated 

TNF-α serum levels in patients with GDM, compared to healthy controls (44). A prospective 

study revealed a significant association between TNF-α, Homeostatic Model Assessment - 

Insulin Resistance (HOMA-IR) and Matsuda insulin sensitivity index, in the second 

trimester, even after adjustment for age, BMI, hypertriglyceridemia and serum adiponectin 

levels (45). 

Circulating levels of the pro-inflammatory cytokine IL-6 also increase in pregnancy, mainly 

due to an increased placental production (46). In cross-sectional studies, circulating levels 

of IL-6 positively correlated with BMI and FPG during pregnancy and after delivery (47-

49). A case-control study showed higher circulating levels of IL-6 in patients with GDM 
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compared to healthy control subjects, even after adjustment for age and BMI, both at GDM 

screening and 2 months after delivery (48). Furthermore, a correlation between the values of 

this cytokine and the Matsuda insulin sensitivity index has been observed. However, no 

prospective studies are currently available to confirm these data (50). 

Leptin is produced by the adipose tissue and seems to have a role in the development of 

inflammation in pregnancy and in the pathophysiology of GDM (51). Leptin and its 

receptors are also expressed in the placenta (46). Increased leptin levels might amplify the 

low-grade inflammatory response in GDM, by stimulating the production of IL-6 and TNF-

𝛼, which in turn increase leptinemia (52). Cross-sectional studies have shown higher 

circulating levels of leptin in patients with GDM compared to healthy subjects (53-55). A 

meta-analysis of 18 observational studies have confirmed this result, even after adjustment 

for BMI (44). In a prospective study, leptin levels before the 16th week of pregnancy were 

found to be predictive of GDM, independently of pre-pregnancy BMI (56). Further studies 

are needed to confirm these findings. 

Adiponectin is an insulin-sensitizing, anti-inflammatory and anti-atherogenic adipokine, 

exclusively secreted by the adipose tissue (57). In physiological pregnancy, maternal 

adiponectin decreases progressively, and its circulating levels are inversely correlated with 

BMI (58). Overall, there is consistent evidence in literature about the role of adiponectin as 

independent predictor of GDM. Low adiponectin exacerbates insulin resistance and 

correlates with pancreatic ß-cell dysfunction (59). Low adiponectin levels are predictive of 

GDM several months before diagnosis, regardless of BMI. This data has been confirmed in 

prospective studies (60).  

 

Novel pro-inflammatory and anti-inflammatory molecules 
 

High Mobility Group Box 1 (HMGB1) and Receptor for Advanced Glycation Endproduct 
(RAGE) 
 

HMGB1 is a nuclear protein belonging to the superfamily of HMG proteins, first extracted 

and identified in bovine thymus in 1973 by Goodwin and Johns (61). The family name refers 

to the marked mobility of these molecules at polyacrylamide gel electrophoresis. On the 

basis of their molecular weight and structure, three families have been identified: HMGA, 

HMGB and HMGN. The HMGB family has four components: HMGB1, HMGB2, HMGB3, 

HMGB4. HMGB1 is the most highly expressed of all the HMG family members in 
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mammals. It is a non-histone chromatin protein, expressed by almost all tissues, with 

essential functions. Indeed, HMGB1 knockout mice die immediately after birth, due to a 

reduced expression of the gene encoding for the glucocorticoid receptor and the inability to 

mobilize hepatic glycogen reserve. Glucose administration can extend survival, but HMGB1 

-/- mice generally die before reaching sexual maturity (62). The main structure of HMGB1 

consists of a single polypeptide chain of 215 amino acids (AA), with three distinct structural 

domains: the A-box (AA 1-79), the B-box (AA 89-162) and the C-terminal acidic tail (AA 

186-215). Both the A-box and the B-box are DNA binding domains. The B-box is the 

functional region for inflammation and contains the binding sites for Toll Like Receptor 

(TLR)-4 and for RAGE (63). 

HMGB1 is involved in several nuclear activities, including DNA replication and repair, 

recombination, regulation of gene transcription, genome stabilization, nucleosome 

maintenance (64,65). HMGB1 has long been known as a nuclear protein only. In 1999, 

Wang et al. reported on its extracellular role as a late inflammatory mediator in the 

pathogenesis of sepsis (66). Specifically, it is known that HMGB1 can be actively secreted 

by multiple cell lines, mainly immune cells (activated monocytes, macrophages, dendritic 

cells, natural killer cells) and endothelial cells, or passively released by necrotic and 

damaged cells. Once released into the extracellular compartment, HMGB1 is able to promote 

immune responses, cell migration, differentiation, proliferation and tissue regeneration. 

HMGB1 is a crucial player in several acute inflammation models and is therefore involved 

in the pathogenesis of multiple diseases, including cancer, trauma, ischemia/reperfusion 

injury, sepsis, cardiogenic shock, diabetes, autoimmune diseases, pre-eclampsia, 

neurodegenerative diseases (63).  

The pro-inflammatory signal of HMGB1 is mainly transduced by RAGE, a multiligand 

(AGE, ß-amyloid, S-100 protein) trans-membrane receptor, expressed by numerous cell 

lines (monocytes, macrophages, neurons, endothelial cells, cancer cells). Besides RAGE, 

HMGB1 binds to TLR 2/4/9 (64-66). HMGB1 induces the activation of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-kB) and the production of pro-

inflammatory cytokines, such as IL-6, IL-1ß and TNF-α. Interestingly, the activation of NF-

kB, in turn, induces HMGB1 expression, creating a vicious circle that amplifies 

inflammation (63). Besides NF-kB, other transduction pathways can be activated (i.e. JNK, 

ERK, PI3K/AKT, JAK). The active secretion of HMGB1 by immune cells can be induced 

by various pro-inflammatory triggers, including bacterial endotoxin, pro-inflammatory 

cytokines, nitric oxide, dyslipidaemia and hyperglycaemia. Extracellular HMGB1 
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intervenes in other biological processes as well, such as cell differentiation and migration, 

tissue regeneration, angiogenesis, proliferation, cell death and senescence (63). 

The human placenta and FMs express both HMGB1 and RAGE. In the latest stages of 

pregnancy, the increase in HMGB1 production in FMs plays a key role in promoting 

inflammation and inducing labour (67). High levels of HMGB1 have been found in 

spontaneous preterm birth (PTB) indicating its involvement in sterile inflammation	(68). 

As a late mediator of inflammation, HMGB1 might be involved in the pathogenesis of T2D 

and diabetes-related complications. Increasing evidence indicates a role of the HMGB1 

pathway in the regulation of metabolic processes. Obesity alters HMGB1 expression and 

secretion in adipose tissue (69). RAGE overexpression induces adipocyte hypertrophy in 

3T3-L1 cells, in association with reduced levels of glucose transporter type 4 (GLUT- 4), 

and attenuation of insulin sensitivity (70). HMGB1 might promote inflammation in adipose 

tissue, inducing the M1 pro-inflammatory state in macrophages, amplifying inflammation 

(71).  

Remarkably, circulating levels of HMGB1were found to be increased both in animal models 

of diabetes and in patients with T2D compared to healthy controls (72). In addition, it has 

been observed that glucose administration is able to increase serum levels of HMGB1 in rats 

(73). The mechanisms underlying the association between HMGB1 and T2D are still 

unknown. However, not differently from other pro-inflammatory cytokines, HMGB1 might 

be involved in the development of insulin resistance through the activation of the JNK and 

IKK/NF-kB transduction pathways (74). Furthermore, IL-1 and HMGB1 seem to play a 

crucial role in pancreatic islets inflammation and ß-cell apoptosis (75). Of note, it has been 

shown that the activation of HMGB1-RAGE complex is able to induce ß-cell apoptosis in 

the diabetic rat (76). A possible role of HMGB1 in the pathogenesis of diabetic 

complications has been speculated as well. In particular, a high expression of this protein 

has been observed in animal models of diabetic retinopathy (77). Recently, in a cross-

sectional study of 75 women with GDM and 48 healthy controls, significantly higher serum 

levels of HMGB1 have been reported in the GDM group compared to control group, in the 

third trimester of pregnancy, after adjustment for age and BMI. Furthermore, in the same 

population, HMGB1 was an independent predictor of GDM (78).  
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Vasoactive Intestinal Peptide (VIP), VPAC1 and VPAC2 
	
VIP is a 28 amino acid peptide belonging to the VIP/glucagon family. VIP structure is 

similar to that of other gastrointestinal hormones of the same family, such as glucagon, 

secretin, gastric inhibitor peptide (GIP). VIP exerts its biological functions by binding to two 

receptor subtypes, VPAC1 and VPAC2, mainly expressed by immune cells. VPAC1 and 

VPAC2 are G protein-coupled receptors (GPCR) which increase the intracellular 

concentration of adenylate cyclase (79). VIP is produced by immune cells and is secreted in 

response to multiple immunological triggers. Furthermore, similarly to other neuropeptides, 

it is also released by parasympathetic nerve fibres in lymphoid organs. Its expression can be 

induced in neutrophils, basophils, eosinophils, monocytes, T-lymphocytes and likely in 

macrophages by multiple pro-inflammatory stimuli (lipopolysaccharide, IL-1ß, IL-6, TNF-

α) (79). Importantly, VIP is exclusively secreted by Th2 lymphocytes, not by Th1 

lymphocytes, and promotes Th2 anti-inflammatory responses in vivo (74). In light of this, it 

is fully considered a Th2 cytokine. Indeed, VIP is able to modulate macrophage activity 

inhibiting pro-inflammatory cytokine (TNF-α, IL-6, IL-12 and NO) and chemokines 

production both in vitro and in vivo, and stimulating the production of the anti-inflammatory 

cytokines IL-10 and IL-1Ra (79). The inhibitory effect on the monocyte-macrophage line is 

mainly mediated by the VPAC1 receptor. Overall, VIP exerts an inhibitory effect on the 

innate immune response (80). As regards the adaptive immune response, T lymphocytes are 

the main target of VIP anti-inflammatory action. In particular, it has been observed that VIP 

is able to down-regulate the production of IL-2 in CD4+ T lymphocytes, inhibiting their 

proliferation (81). Recent studies have suggested that VIP promotes Th2 differentiation, and 

this effect is mainly mediated by the VPAC2 receptor, expressed in the CD4+ T cells (79). 

In light of this, VIP is a potential therapeutic agent for a wide range of diseases (i.e. septic 

shock, rheumatoid arthritis, asthma, neoplasms, neurodegenerative diseases, erectile 

dysfunction, inflammatory bowel diseases) (79). In addition, VIP contributes to the control 

of feeding behaviour	 (82), and agonists of VPCA2 stimulate glucose-dependent insulin 

secretion (83). Recent data showed that VIP participates in maintaining the immune 

homeostasis at the early stages of pregnancy, with anti-inflammatory and tolerogenic effects 

(84). There has been growing interest in the possible association between VIP and T2D. In 

particular, the role of VIP as promoter of post-prandial insulin secretion in the pancreatic 

islets is well documented (85). In transgenic mice, the overexpression of VIP in ß-cells led 

to a reduction in plasma glucose levels. Accordingly, VIP knockout mice exhibit reduced 
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glucose tolerance (86). Besides its insulinotropic effect, VIP is an anti-inflammatory peptide 

and ß-cell inflammation is thought to play a crucial role in the pathogenesis and progression 

of T2D (87). Furthermore, it has been observed that the SNP rs9677 polymorphism of the 

VPAC1 gene is associated with T2D status in women and that the CC genotype is related to 

a worse glycaemic and lipid control in the same population (88,89). 

 

AIM 
	
The aim of this study was to comparatively evaluate HMGB1/RAGE and VIP/VPAC1-

VPAC2 protein expression in FMs and in omental VAT in patients with GDM and in healthy 

pregnant women.  

 

PATIENTS AND METHODS 
	
Twenty-four (n. 24) pregnant women scheduled for elective Caesarean section, n.12 with 

GDM and n.12 with normal glucose tolerance (NGT), were recruited in the outpatient clinics 

of Policlinico Umberto I, “Sapienza” University Hospital of Rome. Diagnosis of GDM was 

performed in accordance with current recommendations (11). The protocol was approved by 

the hospital ethics committee and written informed consent was obtained from all 

participants. All subjects were enrolled at third trimester of pregnancy. Women with non-

Caucasian ethnicity; pre-pregnancy BMI ≥35 Kg/m2; pre-pregnancy impaired fasting 

glucose (FPG 100-125 mg/dl); multiple or induced pregnancy; infectious, inflammatory and 

autoimmune diseases; polycystic ovarian syndrome; psychiatric diseases; alcohol and drug 

abuse and steroid therapy were excluded. Anthropometric/vital (weight, BMI, blood 

pressure and heart rate) and laboratory parameters were obtained. Information about therapy 

for GDM (diet or insulin) and other therapies was also collected (antihypertensive, other 

drugs). Foetal ultrasound parameters at third trimester and delivery data were obtained.  

Maternal omental VAT, FMs (amnion and chorion) and a maternal venous blood sample 

were obtained at delivery. 

 

FMs explants and culture 
	
Samples of reflected FMs were collected immediately after placenta delivery. The surgical 

blade was quite distant from both the free edge and the placental plate. Tissue samples were 

washed several times with saline tamponed solution to remove blood and clots, then put in 
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Petri multi plates containing RPMI 1640 culture medium (Gibco, Grand Island, NY) 2 ml, 

penicillin (100 U/ml) and streptomycin (100 mg/ml) and incubated for 24h in atmosphere of 

95% air and 5% CO2. At the end of the incubation time, the culture media and tissue samples 

were collected and stored at -80°C. Representative samples of FMs were examined 

histologically and were found to consist of amnion, chorion and, in a minor part, of decidual 

cells. 

 

VAT explants and culture 
	
Pieces of maternal omental VAT were obtained. Tissue biopsies were washed in 0.9% NaCl, 

then cut into ~ 200 mg tissue samples and incubated at 37°C in 2 ml of low glucose, serum-

free DMEM containing 1% BSA for 18h. After incubation both tissue and medium were 

collected and stored separately at -80°C for further analysis.  

 

Western blotting 
	
Tissue lysates and Western blotting were prepared as previously described [19]. 

Immunoblotting analysis was carried out using specific antibodies for HMGB1 (R&D 

Systems, Minneapolis, MN, USA), RAGE (clone DD/A11 Millipore), VIP (M-19, SC7841, 

Santa Cruz Biotechnology, Santa Cruz, CA), VPAC1(H-130; SC-30019 Santa Cruz), 

VPAC2 (H-50, SC-30020, Santa Cruz). Blots were treated with appropriate secondary 

antibodies, conjugated with horseradish peroxidase followed by ECL detection (Amersham 

Bio-Sciences, Buckinghamshire, UK). Equal loading of proteins was verified by 

immunoblotting with goat anti-cyclophilin antibody. Densitometric analysis was performed 

using a molecular imager FX (Bio-Rad, Hercules, CA, USA). 

 

Cytokines detection  
	
Sera were collected before delivery and stored at -80°C until assayed. HMGB1 and VIP 

concentrations were analysed in both serum and tissue culture supernatants by using specific 

ELISA kits for HMGB1 (Aviva Systems Biology, San Diego, CA) and VIP (BioSite, Taby, 

Sweden), according to the manufacturer’s instructions. Limits of detection were 0.156 ng/ml 

for HMGB1 and 7.81 pg/ml for VIP. 
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Statistical analysis 
	
Continuous variables are expressed as mean ± standard deviation (SD) or as median 

(interquartile range). Categorical variables are reported as percentage. Continuous variables 

were tested for normality with Kolmogorov-Smirnov test. Differences between the two 

groups were evaluated with independent sample t-test for normally distributed continuous 

variables and with Mann-Whitney U test for not normally distributed continuous variables. 

Categorical variables between groups were compared using Fisher’s exact test. A p-value 

<0.05 was considered statistically significant. Statistical analysis was performed with IBM 

SPSS Statistics software version 23 (Chicago, IL, USA). 

 

RESULTS 
 

Characteristics of the study population 
	
Clinical and biochemical parameters of GDM and NGT are reported in Table 1. Foetal 

ultrasound parameters at third trimester and neonatal parameters are reported in Table 2. 

Mothers in both groups were comparable for maternal age, pre-pregnancy BMI, third 

trimester BMI, weight gain in pregnancy, gestational age and FPG at third trimester. Six 

patients with GDM were treated with diet only, while six patients required insulin therapy. 

Foetal and neonatal parameters did not differ between the two groups.  

 
Table 1. Clinical and biochemical parameters of the enrolled subjects 

 NGT 
 (n=12) 

GDM  
(n=12) 

P-value 

Age (years) 33.0 ± 6.2 34.3 ± 4.0 0.30 

Gestational week (n) 37.0 ± 1.1 36.4 ± 1.2 0.23 

Pre-pregnancy BMI (Kg/m²) 24.5 ± 4.2 27.3 ± 3.4 0.09 

Weight increase (kg) 11.2 ± 4.4 7.6 ± 7.2 0.16 

III trimester BMI (Kg/m²) 28.0 ± 4.0 30.1 ± 2.5 0.12 

Nulliparity (n) 3 0 - 

Gestational hypertension (n) 0 3 - 

Systolic blood pressure (mmHg) 110.0 ± 11.0 110.4 ± 10.4 0.93 
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Diastolic blood pressure (mmHg) 69.6 ± 5.4 71.3 ± 10.0 0.61 

Insulin therapy (n) - 6 - 

Total cholesterol (mg/dl) 300.1 ± 71.1 254.3 ± 68.1 0.17 

HDL cholesterol (mg/dl) 75.1 ± 12.1 64.2 ± 12.2 0.07 

LDL cholesterol (mg/dl) 182.6 ± 81.1 152.4 ± 56.0 0.43 

Triglycerides (mg/dl) 252.1 ± 116.8 275.1 ± 117.4 0.68 

Non-HDL cholesterol (mg/dl) 225.0 ± 79.5 190.0 ± 64.7 0.31 

HbA1c (%) 5.0 ± 0.1 5.1 ± 0.6 0.86 

eGFR MDRD (ml/min/1.732) 130.0 ± 16.3 122.6 ± 21.7 0.39 

eGFR CKD EPI (ml/min/1.732) 125.2 ± 5.2 121.8 ± 9.3 0.29 

TSH (µUI/ml) 2.6 ± 1.4 1.7 ± 1.7 0.17 

C-Reactive Protein (µg/l) 4643 ± 2306 4875 ± 3399 0.88 

Ferritin (µg/l) 18.2 ± 11.1 26.2 ± 28.6 0.42 

Fibrinogen (g/l) 4.6 ± 0.8 4.9 ± 0.7 0.34 

Leukocytes (109/l) 8.8 ± 1.7 8.9 ± 2.6 0.72 

LDL: low-density lipoprotein; HbA1c: glycated haemoglobin; eGFR: estimated glomerular filtration 
rate; CKD EPI: chronic kidney disease epidemiology collaboration; TSH: thyroid-stimulating 
hormone; BMI: body mass index; GDM: gestational diabetes mellitus; HDL: high-density 
lipoprotein. *p < 0.05. Data are expressed as mean value ± standard deviation or frequency  

 
Table 2. Foetal ultrasound and neonatal parameters 

 NGT 
(n=12) 

GDM 
(n=12) P-value 

FOETAL US PARAMETERS    

Gestational week (n) 33.9 ± 2.0 34.3 ± 2.2 0.63 

AC (mm) 298.1 ± 25.0 307.8 ± 27.1 0.42 

HC (mm) 308.6 ± 18.2 293.7 ± 48.9 0.46 

HC/AC ratio 1.05 ± 0.06 0.97 ± 0.18 0.30 

Bi-parietal diameter (mm) 85.8 ± 4.5 86.0 ± 4.6 0.93 
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Femur length (mm) 64.9 ± 4.7 67.8 ± 4.2 0.14 

Humerus length (mm) 58.0 ± 4.1 60.8 ± 5.3 0.20 

Estimated foetal weight (g) 2308 ± 509 2535 ± 473 0.27 

NEONATAL PARAMETERS    

Weight (g) 3292 ± 356 3182 ± 420 0.50 

Head circumference (cm) 34.8 ± 1.2 34.5 ± 1.3 0.58 

Length (cm) 49.1 ± 1.4 49.0 ± 1.6 0.82 

Gestational week - delivery (n) 38.8 ± 0.8 38.5 ± 1.0 0.39 

Apgar 5’  9.3 ± 0.6 9.6 ± 0.5 0.17 

Male/Female (n/n) 6/6 7/5 1.00 

Foetal complications 1 2 - 

Neonatal jaundice (n) 

ARDS (n) 

1 

0 

1 

1 
 

 
 
US: ultrasound; HC: head circumference; AC: abdominal circumference; ARDS: acute respiratory 
distress syndrome; *p < 0.05. Data are expressed as mean ± standard deviation or frequency 
 

 

 

HMGB1-RAGE expression in FMs and VAT  
	
The Western blotting analyses for HMGB1 and RAGE expression in FMs are shown in 

Figure 1a-b. The expression of HMGB1 was significantly higher in FMs from GDM 

patients, compared to NGT subjects (GDM 1.10 ± 0.38 vs NGT 0.58 ± 0.36, p=0.02); RAGE 

expression was not significantly different between the study groups (GDM 0.93 ± 0.40 vs 

NGT 0.82 ± 0.50, p=0.62). HMGB1 protein expression was comparable in VAT between 

the two groups (GDM 1.74 ± 1.37 vs NGT 1.90 ± 0.94, p=0.76) (Figure 1c), whereas the 

expression of HMGB1 receptor RAGE was significantly higher in GDM compared with 

NGT (GDM 2.10 ± 1.32 vs NGT 1.15 ± 0.59, p = 0.03) (Figure 1d). 
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Figure 1. High mobility group box 1 protein (HMGB1) and receptor for advanced glycation end 

products (RAGE) protein expression in foetal membranes (a, b) and visceral adipose tissue (c, d) in 

normal glucose tolerance subjects (NGT) and gestational diabetes mellitus (GDM) patients.   

 

 

 
*p < 0.05. Data are expressed as mean value ± standard deviation. Representative blots are shown 
 

VPACs and VIP expression in VAT and FMs  
	
VPAC2 protein expression was significantly higher in VAT obtained from women with 

GDM (GDM 1.28 ± 0.63 vs NGT 0.83 ± 0.29, p=0.03) compared to NGT (Figure 2b). There 

was no effect of GDM on VPAC1 expression (GDM 1.87 ± 1.05 vs NGT 1.63 ± 1.47, 

p=0.70) (Figure 2a). VIP protein expression was not detectable in VAT from both GDM 

and NGT women.  
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The expression of VPAC1, VPAC2 and VIP in FMs was not significantly different in GDM 

compared to NGT [VPAC1 (GDM 1.19 ± 0.56 vs NGT 0.76 ± 0.54, p=0.17), VPAC2 (GDM 

1.10 ± 0.55 vs NGT 1.06 ± 0.79, p= 0.97), VIP (GDM 1.18 ± 0.60 vs NGT 0.89 ± 0.29, 

p=0.28)] (Figure 2c-e). 

 

 
Figure 2. Vasoactive intestinal peptide (VIP), VPAC-1 and VPAC-2 protein expression in tissues 
collected from normal glucose tolerance (NGT) and gestational diabetes mellitus (GDM) women. 
VPAC1 (a), VPAC2 (b) and VIP (c) in foetal membranes; and VPAC1 (d) and VPAC2 (e) in visceral 
adipose tissue  
 

 

 
*p < 0.05. Data are expressed as mean value ± standard deviation. Representative blots are shown. 
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Circulating levels of HMGB1 and VIP 
	
Serum levels of HMGB1 were not different between GDM and NGT [GDM 0.7 (0.63-3.82) 

vs NGT 0.7 (0.42-1.03) ng/ml; p=0.33)] (Table 3). VIP levels tended to be lower in women 

with GDM than in control subjects [NGT 154 (101-183) vs GDM 107 (81-122) pg/mL, 

p=0.15] (Table 3), although the result did not reach statistical significance.  

 

HMGB1 and VIP in vitro release by FMs and VAT  
	
As for HMGB1 in vitro release, high variability of HMGB1 levels was observed in FM foetal 

culture supernatant from NGT women [NGT 1.12 (0.11-3.6) ng/mL], whereas no detectable 

levels were obtained in culture supernatants from GDM FMs (Table 3).  

HMGB1 release was detected in VAT culture supernatant from both NGT and GDM [NGT 

0.23 (0.11-1.4) vs GDM 0.15 (0.12-0.31) ng/mL p=0.28]. However, no significant 

differences were observed between the two groups. 

Although VIP protein expression was not detectable by Western blot analysis in VAT 

samples, VIP secretion was evaluated in VAT culture supernatant. VIP concentration tended 

to be lower in women with GDM than in control subjects [NGT 35 (24-72.5) vs GDM  19 

(11.25-28) pg/mL, p=0.05]. VIP levels in FMs supernatant did not differ between GDM and 

controls [NGT 39 (20.5-69.5) vs GDM 22 (17.25-41.25) pg/mL, p=0.43]. 

 
Table 3. Circulating HMGB1 and VIP and tissue release in vitro 

 NGT 
(n=12) 

GDM 
(n=12) P-value 

Serum    

   HMGB1 (ng/ml) 0.70 (0.42-1.03) 0.7 (0.63-3.83) 0.33 

   VIP (pg/ml) 154 (101-183) 107 (81-122) 0.15 

In vitro release    

   HMGB1 (ng/ml)    

FMs 1.12 (0.11-3.60) ND  

VAT 0.23 (0.11-1.40) 0.15 (0.12-0.31) 0.28 

  VIP (pg/ml)    
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FMs 39.0 (20.5-69.5) 22.0 (17.25-41.25) 0.43 

VAT 35.0 (24.0-72.5) 19.0 (11.25-28.0) 0.05 

 
 
HMGB1: High Mobility Group Box 1; VIP: vasoactive intestinal peptide; FMs: foetal membranes; 
VAT visceral adipose tissue . *p < 0.05. Results are expressed as median (Interquartile range). ND: 
not detected 
 

 

DISCUSSION 
 

In this study, the expression of HMGB1/RAGE and VIP/VAPC1-2 has been evaluated for 

the first time in human FMs and VAT obtained from women with GDM. GDM was found 

to be associated with an increased protein expression of HMGB1 in FMs, and a high RAGE 

(HMGB1 receptor) and VPAC2 (VIP receptor) expression in VAT.  

There has been emerging evidence about the pathophysiological relationship between 

HMGB1 and T2D. GDM, as well as T2D, is characterized by a low-grade inflammatory 

state, and the excessive production of pro-inflammatory mediators seems to play a crucial 

role in GDM pathophysiology (22). Over the last decades, a large number of studies have 

focused on the association between different inflammatory mediators and GDM (90). 

However, only one study has evaluated circulating levels of HMGB1 in patients with GDM 

(78). To date, the expression of this protein had never been evaluated at a tissue level in 

patients with GDM. The choice to explore the expression of pro- and anti-inflammatory 

mediators in FMs is related to the growing interest in these tissues’ functions, which are not 

yet fully known. Indeed, FMs have long been considered as dead tissues, exerting 

mechanical functions for foetal protection only. On the contrary, FMs are able to produce a 

wide spectrum of molecules at different gestational stages and have a central role both in 

physiological and in pathological pregnancy. Specifically, the amnio-chorionic membrane 

plays a pivotal role in the physiology of labour and delivery, which are pro-inflammatory 

events (38). In light of this, to avoid the possible effect of confounding factors, in this study 

FMs were collected after elective Caesarean section. Furthermore, FMs are known to be 

involved in the pathophysiology of premature rupture of membranes and preterm birth	(91). 

The higher expression of HMGB1 in FMs in patients with GDM are in line with previous 

findings, reporting higher levels of circulating HMGB1 in the same population, compared 

to control subjects, at third trimester of pregnancy (78). Overall, these data suggest that 
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inflammation in GDM is not only observed at a systemic level, but might also directly 

involve gestational tissues at the maternal-foetal interface, likely contributing to an 

unfavourable foetal environment with conceivable short- and long-term complications. 

Other studies have observed an overexpression of HMGB1 in FMs in the context of human 

spontaneous preterm birth (68), in placental tissue obtained from pregnancies complicated 

by pre-eclampsia (92) and in damaged FMs from women with intra-amniotic inflammation 

(93), supporting a central role of this mediator in maintaining the inflammatory milieu in 

pregnancy complications.  

In line with other authors’ findings, in this study, RAGE expression in FMs was not different 

between the two study groups (94). However, HMGB1 exerts its pro-inflammatory action 

also by binding to other receptors, such as TLR 2/4/9 (64-66).  

Furthermore, RAGE expression in VAT in GDM patients was significantly higher than in 

control subjects, possibly playing a role in maintaining the chronic pro-inflammatory state 

in obesity and insulin resistance (69). Specifically, in human SW872 pre-adipocyte cell line, 

RAGE activation induced the secretion of pro-inflammatory cytokines (93). Although in this 

study HMGB1 expression in VAT did not significantly differ between GDM and NGT, the 

increased expression of RAGE in GDM might reflect an amplified inflammatory activity as 

well. This finding is in accordance with the results of a previous in vitro study which showed 

that the overexpression of RAGE, via NFkB activation, induced the transcription of 

inflammatory cytokines and was involved in adipocyte hypertrophy and in the development 

of insulin-resistance (70). It can be therefore speculated that other ligands might activate 

RAGE in VAT. Indeed, several exogenous and endogenous ligands, including AGE, ß-

amyloid, S-100 protein, advanced oxidation protein products, and lipopolysaccharide, are 

well known ligands for RAGE and are involved in inflammation (95). 

To date, data on the role of VIP–VPAC pathways at third trimester of pregnancy are lacking. 

In this study, VAT showed an increased expression of VPAC2 in GDM compared to NGT. 

Physiological pregnancy is characterized by a fine balance between pro- and anti-

inflammatory cytokines (33). Giving the anti-inflammatory activity of VIP/VPAC2 axis 

(79), a possible autocrine role of this pathway might be speculated. VPAC2 overexpression 

might therefore exert anti-inflammatory effects, counterbalancing the pro-inflammatory 

effects of other mediators. Furthermore, VIP and VPAC receptors can activate several 

signalling pathways, modulating adipose tissue metabolism and regulating appetite and body 

composition (96). Remarkable changes in maternal and foetal lipid metabolism are observed 

in pregnancy, and adipose tissue plays a significant role in GDM development (97). An in 
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vitro study has shown that VIP induced lipolysis through VPAC2 activation in primary rat 

adipocytes 	 (98). Remarkably, the lipolytic action of VIP via VPAC2 might potentiates 

insulin secretion by increasing free fatty acid levels, contributing to the maintenance of 

energy homeostasis both in conditions of energy deprivation and after food intake. Thus, it 

is conceivable that the increased expression of VPAC2 observed in VAT of GDM patients 

might be an attempt to manage hyperglycaemia. 

 

 

CONCLUSIONS 
 

FMs and VAT are likely to be involved in the immune metabolic processes observed in 

pregnancy affected by GDM. Remarkably, the increased protein expression of HMGB1 in 

FMs, together with the higher expression of VPAC2 (VIP receptor) and RAGE (HMGB1 

receptor) in VAT in GDM, suggest a possible role of these pro-, anti-inflammatory mediators 

and pathways in the regulation of FM and VAT function in pregnancy. These findings 

suggest a complex cross-talk between FMs and VAT throughout pregnancy complicated by 

GDM. Further studies in larger populations are needed to confirm these data and to evaluate 

the impact of tissue inflammation on the possible short- and long-term maternal-foetal 

outcomes of pregnancy affected by GDM.  
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Chapter 3. Research study 2 
 

MicroRNA expression profile in circulating exosomes and plasma of patients 
with GDM and healthy pregnant women 

 
 
 
 

INTRODUCTION 
 
General aspects of microRNAs 
 
MicroRNAs are small (19-25 nucleotides) non-coding single stranded RNAs that function 

destabilizing or depleting target mRNAs (99). Since their discovery in Caenorhabditis 

elegans in 1993 (100,101), they have been described in many other species (102). To date, 

2654 human mature microRNA sequences have been identified (miRbase version 22.1 

released in October 2018) (103). Their dysregulation has been described in the context of 

many pathological processes, spanning from cancer to neurological and metabolic diseases. 

Although their functions are still not completely defined, the large number of the identified 

microRNAs and their wide distribution among different species suggest their crucial role in 

gene regulation (104,105).  

MicroRNA biogenesis, secretion and function involve several complex molecular events, 

not completely understood yet. MicroRNA genes are usually transcribed by RNA 

polymerase II and, to a lesser extent, by RNA polymerase III. The pri-miRNA sequence is 

capped at the 5’, polyadenylated at the 3’ end, and recognized by the Microprocessor 

complex, composed by the Di George Syndrome Critical Region 8 (DGCR8) nuclear protein 

and the RNAse III Drosha. This first nuclear maturation step releases a precursor microRNA, 

called pre-miRNA. The protein Exportin-5 is then responsible for the translocation from the 

nucleus to the cytoplasm, where the pre-miRNA is cleaved by the RNAse III Dicer with the 

production of a double strand microRNA of about 22 nucleotides in length. After loading 

onto Ago2, a member of the Argonaute (Ago) protein family, the microRNA is included into 

the RNA-induced silencing complex (RISC), a big ribonucleoprotein effector complex. The 

binding with Ago2 favours the most stable strand, while the passenger strand is degraded to 

produce a mature RISC. The main mechanisms responsible for the target mRNA silencing 

are mRNA degradation and translational repression. Specifically, if the sequence homology 

between the microRNA and its target mRNA is complete, Ago proteins degrade the target 
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mRNA. Otherwise, if the sequence homology is only partial, there is only translational 

repression (106,107).  

Although the cellular compartment is the site of microRNA production and action, recent 

evidence demonstrated that microRNAs can also act into the extracellular compartment after 

secretion. Indeed, extracellular microRNAs are involved in cell-to-cell communication 

(108,109). Circulating microRNAs have been detected in different biological fluids, such as 

serum, plasma and urine. It has been demonstrated that microRNAs can be packaged into 

shedding vesicles and exosomes, or coupled with high-density lipoproteins (HDL), low-

density lipoproteins (LDL) or Ago proteins, and actively secreted by cells. In addition, 

microRNAs can be passively secreted in apoptotic bodies (110). 

Importantly, circulating microRNAs associated with protein complexes and/or packed into 

extracellular vesicles (EVs) are highly stable in the extracellular environment, therefore 

becoming potentially reliable diagnostic, prognostic and therapeutic biomarkers (111-113).  

 

MicroRNAs: role in GDM pathophysiology and complications 
	
The pathophysiological features of GDM have been elucidated and mainly include maternal 

insulin resistance, β-cell dysfunction, placental dysfunction, endothelial dysfunction and 

inflammation. However, the molecular mechanisms involved in the pathophysiology of this 

condition, as well as in the development of its complications, are not yet fully uncovered.  

There has been increasing interest in the potential roles of microRNAs as regulators of 

biological processes, mediators of tissue cross-talk and biomarkers of disease. Hence, a 

growing number of studies have characterized microRNA expression in biological fluids and 

in gestational tissues, highlighting their crucial involvement both in the pathogenic 

mechanisms of GDM, such as insulin resistance and β-cell dysfunction, and in the 

development of GDM-related short- and long-term complications (114).  

Placenta and placenta-derived molecules play essential roles both in physiological 

pregnancy and in the pathogenesis of GDM. Indeed, the placenta has been widely 

demonstrated to promote the major metabolic adaptations in pregnancy. Many studies 

addressed the role of placenta-derived microRNAs in healthy and GDM pregnancies 

(41,115), identifying a considerable number of differentially expressed tissue microRNAs, 

critically involved in energy control, lipid homeostasis and inflammation, playing putative 

roles in the development of insulin-resistance (116-119). Less is known about the role of 
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VAT-derived microRNAs in the pathogenesis of GDM. To date, there is only one report that 

evaluated microRNA expression profile in omental VAT in GDM (120). 

As for β-cell dysfunction, recent studies have indicated a conceivable microRNA-mediated 

cross-talk between placenta and maternal β-cells, which enriches the complex 

pathophysiological picture in GDM (121-124).  

Numerous studies have revealed a complex link between several dysregulated microRNAs 

and impairments in placenta development and functions in GDM, possibly contributing to 

the development of adverse outcomes (125-127). Indeed, microRNAs seem to play crucial 

roles in regulating foetal growth (128,129). Since one of the main complications of GDM is 

foetal macrosomia, the identification of dysregulated microRNAs that may be involved in 

this phenomenon could be of utmost importance (130,131). Mounting evidence suggests that 

gene expression in the offspring might be altered by an adverse intrauterine environment, 

even in the absence of underlying changes in DNA sequences, and the modifications in 

microRNA expression are believed to mediate this process (132). Besides short-term 

complications, microRNA deregulation in pregnancy might contribute to the intrauterine 

foetal programming for the development of long-term GDM-related complications, such as 

metabolic diseases and CVD, both in the mother and in the offspring, later in life (133-137). 

It is well established that early diagnosis and appropriate treatment are essential elements to 

prevent poor pregnancy outcomes in GDM. According to current guidelines, GDM diagnosis 

is generally performed in the late second trimester, when the metabolic alterations have 

already developed and emerge at the OGTT. The identification of circulating biomarkers 

that might effectively predict GDM at an earlier stage of pregnancy is therefore crucial to 

prevent mother and foetal complications through prompt lifestyle and diet intervention. 

Evidence suggests a potential function of several circulating microRNAs as early predictors 

of GDM. Several studies have investigated the putative role of microRNAs as circulating 

plasma/serum biomarkers for GDM (Table 4.).  
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Table 4. Studies that evaluated circulating microRNAs in GDM 

Study Groups Stage of 
pregnancy 

Source miRNA 

Cao et al.  
(138)  

85 GDM 
72 CTRL 

 

16-28 weeks 
 

Plasma miR-16-5p, miR-17-5p  
miR-20a-5p (↑) 

 
Lamadrid-

Romero et al. 
(131) 

 

13 GDM  
12 CTRL 

 
 

24 GDM 
24 CTRL 

 
 

20 GDM 
16 CTRL  

 

1st trimester 
 
 
 

2nd trimester 
 
 
 

3rd trimester 
 
 

Serum 1st trimester:  
miR-125b-5p, miR-183-5p, 
miR-200b-3p, miR-1290 (↑) 

 
2nd trimester:  

miR-183-5p, miR-128-5p (↑) 
miR-125b-5p in the (↓) 

 
3rd trimester:  
miR-137 (↑) 

miR-183-5p, miR-200b-3p (↓) 
 

Wander et al. 
(139)  

 

36 GDM 
80 CTRL 

7-23 weeks Plasma miR-155-5p, miR-21-3p, miR-
210-3p, miR-146b-5p, miR-

223-3p, miR-517-5p, miR-29a-
3p (↑) 

 
Zhu et al.  

(140) 
10 GDM 
10 CTRL 

16-19 weeks Plasma miR-16-5p, miR-17-5p, miR-
19a-3p, miR-19b-3p, miR-20a-

5p (↑) 

Tagoma et al. 
(141)  

13 GDM 
9 CTRL 

25-27 weeks Plasma miR-195-5p, miR-222-3p (↑) 
 

Sebastiani et 
al. (122)  

21 GDM 
10 CTRL 

24–33 weeks Plasma miR-330-3p (↑) 

Zhao et al.  
(142) 

 

24 GDM 
24 CTRL 

16-19 weeks Serum miR-29a, miR-123, miR-222 
(↓) 

Pheiffer et al 
(143) 

53 GDM 
28 CTRL 

26-27 weeks Serum miR-222-3p, miR-20a-5p (↓) 

Yoffe et al.  
(144)  

23 GDM 
20 CTRL 

9-11 weeks Plasma miR-223, miR-23a (↑) 

GDM: gestational diabetes mellitus; CTRL: control subjects 
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The identification of tissue and/or cell origin of circulating microRNAs is another crucial 

point for further research. Over the last decades, growing interest has emerged in 

characterizing microRNAs in tissue-specific vesicles.  Advances in this field might 

significantly contribute to dissect the cross-talk between tissues and biological fluids both in 

physiological and in pathological contexts. 

 

Role of exosomes in pregnancy and pregnancy-related disorders 
	
The term EVs refers to membrane vesicles containing cytosol from the secreting cells, 

enclosed in a lipid bilayer.  The release of EVs into the extracellular environment is a highly 

conserved process throughout evolution (145). In pluricellular organisms, EVs have been 

isolated from different body fluids, such as blood, urine, saliva, breast milk, amniotic fluid, 

ascites, cerebrospinal fluid, bile, and semen. According to various features, such as size, cell 

or tissue of origin and function, EVs are classified into at least three subgroups, including 

microvesicles (MVs), exosomes and apoptotic bodies (146). Vesicles ranging from 100 to 

1000 nm, released by budding from the plasma membrane, are named MVs. Exosomes (~30-

150 nm) are vesicles of endosomal origin, released during reticulocyte differentiation as a 

consequence of the fusion of multivesicular endosomes or multivesicular bodies with the 

plasma membrane (147). Vesicles formed during apoptosis are larger than 1000 nm and are 

named apoptotic bodies (148). However, as it is not possible to discern between exosomes 

and MVs on the basis of their intrinsic properties, discriminating between them is 

challenging and there is increasing interest in seeking novel methods of isolation and 

purification. Another major ongoing challenge is to understand the origin of the different 

populations of vesicles and to unravel their physiological relevance. Exosomes express 

specific late endosomal markers, such as CD63, and carry a wide variety of molecules, 

including proteins, lipids, nucleic acids. They are critically involved in cell-to-cell 

communication, playing key roles in biological processes both in physiologic and in 

pathologic conditions, such as cancer and metabolic diseases. Exosomes are released via 

exocytosis into the extracellular compartment. Their secretion is regulated by local factors, 

including glucose and free fatty acid concentration (149,150). The activity of both proximal 

and distal target cells is regulated by various interactions, including the modification of the 

extracellular milieu of the cellular target, the activation of cell membrane receptors, and the 

endocytosis by the target cell (151). Exosomes have been reported to regulate a wide range 
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of cellular activities in target cells (152), such as translational function, proliferation, 

apoptosis, angiogenesis, and metabolic functions. Exosomes contain small RNA molecules, 

including mRNAs and microRNAs, which are therefore protected from RNAse digestion 

(111). Thus, through exosomes, microRNAs are delivered in distant target cells and are able 

to affect gene expression.  

Placental cells, including syncytiotrophoblast and extravillous trophoblast, are able to 

secrete exosomes into the maternal circulation. A complex network of cell-to-cell 

communication between the placenta and other organs is therefore thought to be sustained 

by circulating exosomes, delivering their cargos into target cells, likely contributing to the 

metabolic adaptations observed in pregnancy (153).  

Interestingly, it has been observed that plasma concentration of placenta-derived circulating 

exosomes is significantly higher in pregnant women compared to non-pregnant women 

(154,155). Specifically, placenta-derived exosomes are detectable in maternal plasma at the 

very early stages of gestation (149) and progressively increase with gestational age, 

positively correlating with placental weight in the third trimester (156,157).  

Furthermore, it has been reported that plasma exosome concentration is significantly 

increased in GDM pregnancies, compared to healthy pregnancies, and that high glucose 

concentration is able to induce exosome delivery by trophoblast cells in the first trimester 

(111,158). In particular, Salomon et al. observed a two-fold higher plasma exosome 

concentration throughout GDM pregnancies compared with normal pregnancies, speculating 

a conceivable role of plasma exosome profiling in predicting GDM at 11-14 weeks, long 

before the time of the actually recommended screening (24-28 weeks) (159). Other authors 

have observed a strong correlation between the total number of circulating exosomes and 

maternal BMI, a major risk factor for GDM (160).  

Remarkably, non-placental-derived exosomes seem to contribute more than placenta-

derived exosomes to the total exosome concentration in GDM pregnancies, although the 

significance of this phenomenon has not yet been defined (159).  

It is well established that GDM is characterised by an imbalance between circulating pro-

and anti-inflammatory cytokines (161). Evidence from in vitro studies suggests that 

exosomes are involved in the modulation of the inflammatory response. In particular, 

exosomes isolated from both healthy subjects and GDM patients can be internalised by 

endothelial cells and increase pro- and anti-inflammatory cytokine release (159,162).  
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MicroRNAs in exosomes and GDM 
	
Exosome signalling has emerged as a novel mechanism of cell-to-cell communication both 

in physiological and pathological contexts. Exosomes are enriched in microRNAs, 

protecting them from exogenous ribonucleases. In light of this, microRNAs in exosomes are 

highly stable mediators that deliver key information and affect cellular function in their 

target tissues. Since microRNAs in exosomes can be isolated from body fluids, they are 

candidate biomarkers for several pathological conditions, including GDM (111).  

 

AIM 
	
The aim of this study was to comparatively evaluate microRNA expression profile in 

circulating exosomes and in plasma of patients with GDM and healthy control subjects in 

the third trimester of gestation, to potentially help elucidate the complex mechanisms 

underlying GDM pathophysiology and individuate novel potential candidate biomarkers for 

GDM.  

 

PATIENTS AND METHODS 
	
Participants 
	
Fifty-three pregnant women, n.24 with GDM (mean age 35.0 ± 4.7 years) and n.29 with 

normal glucose tolerance (NGT) (mean age 35.2 ± 4.7 years), were recruited in the Diabetes 

out-patient Unit and in the Obstetrics and Gynaecology out-patient Unit, respectively, of 

Policlinico Umberto I, “Sapienza” University Hospital of Rome. Diagnosis of GDM was 

performed or excluded in accordance with current recommendations (11). The protocol was 

approved by the hospital ethics committee and written informed consent was obtained from 

all the participants. All subjects were enrolled during the third trimester of pregnancy. 

Women with non-Caucasian ethnicity; pre-pregnancy BMI ≥35 Kg/m2; pre-pregnancy 

impaired fasting glucose (FPG 100-125 mg/dl); multiple or induced pregnancy; infectious, 

inflammatory and autoimmune diseases; polycystic ovarian syndrome; psychiatric diseases; 

alcohol and drug abuse and steroid therapy were excluded. At enrolment, a detailed medical 

history was obtained and anthropometric/vital (weight, BMI, blood pressure and heart rate) 

parameters were assessed. Foetal ultrasound parameters at third trimester were obtained. 

Peripheral blood samples were collected to evaluate laboratory parameters and microRNA 
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expression. To assess microRNA expression in exosomes and plasma, a profiling cohort of 

plasma samples collected from GDM patients (n=3, mean age: 34.7 ± 4.9 years; BMI 27.0 

± 3.7 Kg/m2) and NGT women (n=3, mean age: 34.3 ± 3.1 years; BMI 26.4 ± 1.1 Kg/m2) 

was selected. In addition, a profiling cohort of healthy non-pregnant age- and BMI-matched 

women (NP, n=5) was used as negative control.  

 

Blood Samples Processing 
	
MicroRNA expression analysis was performed at the Oncogenomic Unit at “Sapienza” 

University of Rome. Blood samples were collected in BD Vacutainer K2-EDTA tubes and 

processed within 2 hours. A standardised operating procedure was followed to obtain 

plasma, consisting of centrifugation at 1300 g for 10' at room temperature (RT), at 1200 g 

for 20' at RT, and at 10000 g for 30' at RT.  

 

Exosome isolation 
	
In order to extract EVs, plasma samples were enzymatically defibrinated. Specifically, 4µl 

of thrombin (611U/ml; TMEXO-1 System Biosciences) were added to every 500µl of 

plasma, then left for 5' at RT and centrifuged for 5' at 10000 rpm. Thrombin is known to 

convert fibrinogen into fibrin monomers, which polymerize into stable fibrin clots. After the 

formation of the fibrin pellet, the supernatant was transferred and processed for the 

precipitation of the EVs.  

The ExoQuick ™ kit (Cat # EXOQ5A-1, System Biosciences) was used to isolate EVs from 

plasma. The defibrinated plasma samples were centrifuged at 3000 g for 15' and, after the 

addition of 126µl of Exoquick Exosome Precipitation Solution (63 µl every 250 µl of initial 

plasma volume), they were incubated for 30' at 4 °C. Subsequently, they were centrifuged 

at 1500 g for 30'. Once the supernatant was collected, it was centrifuged at 1500 g for 5 'and 

the obtained pellet was re-suspended in 200µl of H2O RNase free. 

 

Western blot 
	
For protein expression characterisation, the isolated EVs were lysed in RIPA Buffer (1:1 

ratio), separated into SDS-page polyacrylamide gel and transferred to a 0.45 µm 

nitrocellulose membrane (NBA085A001EA, PerkinElmer). The filter was incubated with 

5% Non-Fat Dried Milk (NFDM) in TBS-T or 5% BBS Serum Albumin (BSA) in TBS-T, 
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to block non-specific sites, and incubated overnight with the following antibodies: anti-

TSG101 (Atlas Antibodies, HPA006161, 0.4 µg/mL); anti-Calreticulin (ThermoFisher, 

#PA3-900, 1:3000); anti-CD63 (Bio-Rad, VPA00798, 1:1000) and anti-GAPDH (Abcam, 

ab8245). 

 

Transmission electron microscopy 
	
The extracted vesicles were prepared for transmission electron microscopy (TEM) 

visualisation, by fixing with 37% formaldehyde, and then sent in special structures for 

quality control. Indeed, TEM allows to identify the EVs and to check for their quality. 

Specifically, structural anomalies due to incorrect extraction or sampling stress can be 

observed.  

 

RNA extraction 
	
Total RNA from plasma and RNA from EVs were obtained by the automated Maxwell RSC-

Promega extractor, from the Maxwell RSC miRNA Plasma and Serum kit (CAT # AS1680, 

Promega). 

According to the protocol, 80 µl of Proteinase K (CAT # MC500C) and 230 µl of Lysis 

Buffer C (CAT # MC136A) were added to the vesicle precipitate; after vortexing, they were 

incubated at 37°C for 15 minutes. Subsequently, spike-in were added to the final 

concentration of 400 pM. (Spike-in used: Cel-miR-254, ATH-miR-159a, OSA-miR-414). 

For automated extraction, the samples and reagents were dispensed into the eight reaction 

tubes of the cartridge; 50 µl of Nuclease-free water was aliquoted in the elution tube, in 

which the extracted RNA was eluted. The cartridge was loaded into the automated extractor 

and the program was set: "Maxwell RSC miRNA Tissue kit". 

 

MicroRNA profiling  
	
The multiplexed NanoString nCounter miRNA expression assay (NanoString Technologies, 

Seattle, WA, USA) was used to profile 800 human microRNAs in the selected cohorts. The 

assay was performed according to the manufacturer’s protocol. Specifically, 3 µL of plasma 

or EVs derived RNA was added to the microRNA–tag ligation reaction and then diluted to 

a 1:10 concentration to produce 10 ng of RNA from the microRNA–tag sample. These 

microRNA–tag samples were then hybridized with 812 random microRNA-specific DNA 
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probes. Each probe was arranged in pairs, consisting of a reporter probe, which emits 

fluorescence, and a capture probe, which immobilizes the microRNAs for data collection. 

Specific microRNA-probe complexes were formed as a result of the hybridization and 

immobilized on a 12-sample nCounter cartridge. Excess probes were removed from the 

complexes, and the fluorescent microRNA probes were then imaged using the GEN2 digital 

analyser (NanoString Technologies inc., Seattle, WA, USA) to quantify the number of 

microRNAs in each sample and group them according to their relative expression pattern.  

 

Statistical analysis  
	
Continuous variables are expressed as mean ± standard deviation (SD). Categorical data are 

expressed as number and percentages. Continuous variables were tested for normality with 

Kolmogorov-Smirnov test. Differences between groups were evaluated with independent 

sample t-test for normally distributed continuous variables and with Mann-Whitney U test 

for not normally distributed continuous variables. Differences between more than two 

groups were evaluated with the one-way ANOVA test. Categorical variables between groups 

were compared by Fisher’s exact test. A p-value <0.05 was considered statistically 

significant. Statistical analysis was performed with IBM SPSS Statistics software version 23 

(Chicago, IL, USA).  

 

Differential expression analysis 
	
MicroRNA data obtained for each sample were analysed according to the indications of the 

Technote "nCounter microRNA Expression Analysis in Plasma and Serum Samples". Data 

were normalized using the housekeeping method, which consists in normalizing to the 

geometric mean of at least three stably expressed microRNAs that were determined using 

NormFinder. In order to determine the stably expressed microRNAs, the nCounter files with 

the raw data were imported into the nSolver Software Analysis Version 4.0 and quality 

control was carried out. All samples passed the quality control. An experiment was created 

and background subtraction was set on the +1 SD average of the NEG control probes, 

keeping the normalization options disabled. This processing sets most of the low expression 

probes to one count. The experiment data were exported to an Excel file derived from the 

normalized data table. Subsequently, the corrected background microRNA data exported 

from nSolver were sorted by average counts on all samples and all microRNAs expressed 

below 50 average counts were eliminated taking into account the calculated values on all 
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samples. By using the NormFinder plug-in, the five potential housekeepers with the best 

(smallest) stability value were identified. 

Subsequently, with the use of nSolver, the previous background subtraction experiment was 

copied and a new experiment was created. In this new experiment, the background correction 

was set to the background threshold (+1 SD average). For normalization, the check box for 

the positive controls normalization option was deselected, but the CodeSet (Housekeeping 

Gene) content normalization option was selected and the five candidates from NormFinder 

were chosen. After checking the Coefficient Variation % (CV%) of the putative targets to 

ensure that none of them had an unusually high CV%, all five microRNAs were used for 

normalization. Differential expression analysis was performed to identify the microRNAs 

that were differentially expressed among the groups. MicroRNAs with a p-value <0.05 were 

considered statistically significant. 

 

Target gene identification and bioinformatics analysis 
	
MicroRNA network analysis was performed with QIAGEN’s Ingenuity Pathway Analysis 

(IPA., QIAGEN Redwood City, USA). IPA constructs hypothetical microRNA interaction 

clusters based on the Ingenuity Pathways Knowledge Base. Direct and indirect relationships 

between the identified microRNAs were shown as networks on the base of all genes, and 

endogenous chemicals present in the Ingenuity Knowledge Network scores are calculated as 

−log (P-value) and indicate the likelihood that focus genes (i.e., the identified microRNA 

within a specific network) are clustered together. Biological functions and canonical 

pathways over-represented among the identified microRNA were also assigned to networks 

stored in the Ingenuity Pathways Knowledge Base. Biological functions and canonical 

pathways were ranked in accordance to their significance. Significance was evaluated by 

exact Fisher's test. 

 

RESULTS 
 

Clinical and biochemical characteristics of the whole population and the profiling 
cohort 
	
The clinical, biochemical and foetal ultrasound parameters of the whole population are 

shown in Table 5. and Table 6., respectively. Patients with GDM and NGT in the profiling 
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cohort were matched for age, BMI and gestational age. The clinical and biochemical 

characteristics of the profiling cohorts are shown in Table 7. 

 

 
Table 5. Clinical and biochemical parameters of the whole population 

 NGT 
(n=29) 

GDM 
(n=24) P-value 

Age (years) 35.2 ± 5.5 35.0 ± 4.7 0.90 

Gestational week (n) 36.0 ± 0.9 35.8 ± 2.0 0.08 

Pre-pregnancy BMI (Kg/m²) 23.0 ± 3.6 26.7 ± 5.1 0.01* 

Weight increase (kg) 11.4 ± 4.4 8.1 ± 6.0 0.04* 

3rd trimester BMI (Kg/m²) 27.1 ± 3.4 29.4 ± 4.9 0.06 

Nulliparous (%) 24.1 12.5 0.24 

SBP (mmHg) 111.0 ± 10.7 111.5 ± 11.9 0.90 

DBP (mmHg) 68.6 ± 6.1 71.3 ± 9.7 0.37 

Insulin therapy (n) - 9 - 

FPG (mg/dl) 71.7 ± 8.1 82.6 ± 10.7 0.0001* 

HbA1c (%) 5.1 ± 0.2 5.2 ± 0.5 0.35 

Total cholesterol (mg/dl) 288.4 ± 74.7 269.5 ± 60.9 0.38 

HDL cholesterol (mg/dl) 72.1 ± 13.7 70.4 ± 13.2 0.68 

LDL cholesterol (mg/dl) 168.6 ± 69.1 163.3 ± 52.0 0.81 

Triglycerides (mg/dl) 246.9 ± 93.4 248.4 ± 113.5 0.96 

Non-HDL cholesterol (mg/dl) 216.3 ± 78.1 199.0 ± 57.2 0.43 

eGFR CKD EPI (ml/min/1.732) 121.4 ± 11.3 122.9 ± 8.3 0.61 

TSH (µUI/ml) 2.6 ± 1.0 2.1 ± 1.6 0.25 

C-Reactive Protein (µg/l) 4053 ± 2423 4682 ± 3245 0.56 

Ferritin (µg/l) 19.0 ± 11.5 24.1 ± 26.5 0.40 

Fibrinogen (g/l) 4.5 ± 0.7 5.0 ± 0.7 0.03* 
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Leukocytes (109/l) 8.8 ± 1.9 8.8 ± 2.3 0.91 

SBP: systolic blood pressure; DBP: diastolic blood pressure; FPG: fasting plasma glucose; LDL: 

low-density lipoprotein; HbA1c: glycated haemoglobin; eGFR: estimated glomerular filtration rate; 

CKD EPI: chronic kidney disease epidemiology collaboration; TSH: thyroid-stimulating hormone; 

BMI: body mass index; GDM: gestational diabetes mellitus; HDL: high-density lipoprotein. *p < 

0.05. Data are expressed as mean value ± standard deviation or frequency 

 
Table 6. Foetal ultrasound parameters of the whole population 

 NGT 
(n=29) 

GDM 
(n=24) P-value 

FOETAL US PARAMETERS    

Gestational week (n) 33.6 ± 2.3 33.7 ± 2.8 0.93 

AC (mm) 295.9 ± 26.6 301.1 ± 32.9 0.55 

HC (mm) 308.0 ± 22.2 299.2 ± 39.3 0.40 

Bi-parietal diameter (mm) 85.0 ± 5.9 86.0 ± 5.6 0.53 

Femur length (mm) 64.8 ± 4.9 67.1 ± 4.9 0.12 

Humerus length (mm) 56.6 ± 6.6 60.2 ± 4.9 0.07 

Estimated foetal weight (g) 2301 ± 533 2408 ± 610 0.50 

 
US: ultrasound; HC: head circumference; AC: abdominal circumference; *p < 0.05. Data are 
expressed as mean ± standard deviation or frequency 
 
 

Table 7. Clinical and biochemical parameters of the profiling cohort 

 NGT 
(n=3) 

GDM 
(n=3) P-value 

Age (years) 34.3 ± 3.1 34.7 ± 4.9 0.93 

Gestational week (n) 37.3 ± 1.2 36.6 ± 1.2 0.52 

Pre-pregnancy BMI (Kg/m²) 22.1 ± 0.5 26.3 ± 4.6 0.20 

Weight increase (kg) 11.6 ± 7.0 7.0 ± 4.3 0.15 

3rd trimester BMI (Kg/m²) 26.4 ± 1.1 27.0 ± 3.7 0.12 

Nulliparity (n) 1 1 - 
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Insulin therapy (n) - 0 - 

FPG (mg/dl) 70.9 ± 11.2 92.3 ± 15.4 0.12 

HbA1c (%) 5.3 ± 0.2 5.5 ± 0.3 0.53 

FOETAL US PARAMETERS    

Gestational week (n) 34.0 ± 3.0 35.0 ± 2.6 0.69 

AC (mm) 315.0 ± 23.6 298 ± 66.2 0.70 

HC (mm) 297.3 ± 30.9 305.7 ± 28.6 0.75 

Bi-parietal diameter (mm) 86.6 ± 8.7 89.5 ± 6.6 0.68 

Femur length (mm) 66.7 ± 7.0 68.2 ± 7.9 0.82 

Humerus length (mm) 57.0 ± 5.3 62.9 ± 1.5 0.23 

Estimated foetal weight (g) 2625 ± 639 2817 ± 736 0.75 

BMI: body mass index; FPG: fasting plasma glucose; HbA1c: glycated haemoglobin; GDM: 
gestational diabetes mellitus; US: ultrasound; HC: head circumference; AC: abdominal 
circumference; *p < 0.05. Data are expressed as mean ± standard deviation or frequency 
 
 

Exosome isolation and characterisation 
	
Particles between 50 to 150 nm were identified on TEM. The vesicles obtained were positive 

for CD63 and TSG101 proteins and negative for the cellular marker Calreticulin. No 

differences were observed in size distribution, protein abundance (CD63 and TSG101) and 

morphology between exosomes isolated from GDM and NGT plasma samples (data not 

shown).  

 

MicroRNA expression profile in exosomes and plasma from GDM and NGT  
	
Five exosomal microRNAs were significantly upregulated (miR-301b-5p, miR-197-5p, 

miR-1253, miR-216a-5p, and miR-548q), while 23 were downregulated (miR-93-5p, miR-

1297, miR-548e-5p, miR-548j-3p, miR-1272, miR-183-5p, miR-1183, miR-222-3p, miR-

656-3p, miR-519b-5p, miR-519c-5p, miR-523-5p, miR-518e-5p, miR-522-5p, miR-519a-

5p, miR-1197, miR-95-3p, miR-196a-5p, miR-182-3p, miR-548j-5p, miR-561-5p, miR-

548ai, and miR-570-5p) in GDM compared to NGT (Table 8. Figure 3.).  

 



	 43	

Table 8. Significantly up- or downregulated exosomal microRNAs in GDM versus NGT with the 
respective fold changes and p-values 
 

MicroRNA Fold-change P-value 

UPREGULATED   
miR-301b-5p 2.02 0.022 
miR-197-5p 1.81 0.017 
miR-1253 1.55 0.048 
miR-216a-5p 1.54 0.029 
miR-548q 1.28 0.034 
DOWNREGULATED   
miR-93-5p -2.06 0.044 
miR-1297 -2.07 0.029 
miR-548e-5p -2.95 0.016 
miR-548j-3p -3.15 0.024 
miR-1272 -3.83 0.004 
miR-183-5p -3.98 0.033 
miR-1183 -4.32 0.024 
miR-222-3p -4.64 0.027 
miR-656-3p -4.65 0.033 
miR-519b-5p -4.9 0.041 
miR-519c-5p -4.9 0.041 
miR-523-5p -4.9 0.041 
miR-518e-5p -4.9 0.041 
miR-522-5p -4.9 0.041 
miR-519a-5p -4.9 0.041 
miR-1197 -5.68 0.003 
miR-95-3p -7.77 0.014 
miR-196a-5p -9.76 0.002 
miR-182-3p -11.83 0.001 
miR-548j-5p -14.48 0.047 
miR-561-5p -16.55 0.025 
miR-548ai -16.84 0.005 
miR-570-5p -16.84 0.005 
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Figure 3. Heat map with hierarchical clustering showing z-score of exosomal microRNAs from 
GDM (n = 3) and NGT (n=3). Upregulated and downregulated microRNAs are indicated in shades 
of green and red, respectively 
 

 

As for plasma, 4 microRNA were upregulated (miR-625-5p, miR-6721-5p, miR-222-3p, and 

miR-150-5p), while 9 were downregulated (miR-140-3p, miR-195-5p, miR-1827, miR-744-

5p, miR-616-3p, miR-1299, miR-576-5p, miR-376a-2-5p and miR-652-5p) in GDM 

compared to NGT (Table 9. Figure 4.).  
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Table 9. Significantly up- or downregulated plasma microRNAs in GDM versus NGT with the 
respective fold changes and p-values  
 

MicroRNA Fold-change P-value 

UPREGULATED   
miR-625-5p 5.27 0.025 
miR-6721-5p 3.61 0.038 
miR-222-3p 1.71 0.020 
miR-150-5p 1.44 0.048 
DOWNREGULATED   
miR-140-3p -1.63 0.001 
miR-195-5p -1.7 0.049 
miR-1827 -1.85 0.049 
miR-744-5p -2.44 0.016 
miR-616-3p -3.83 0.040 
miR-1299 -4.92 0.042 
miR-576-5p -4.94 0.001 
miR-376a-2-5p -5.24 0.021 
miR-652-5p -6.08 0.036 
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Figure 4. Heat map with hierarchical clustering showing z-score of plasma microRNAs from GDM 
(n = 3) and NGT (n=3). Upregulated and downregulated microRNAs are indicated in shades of green 
and red, respectively 
 

MicroRNA expression profile in exosomes and plasma from GDM, NGT and NP 
	
When comparing microRNA expression in exosomes between GDM, NGT and NP, miR-

196a-5p was confirmed to be significantly downregulated in GDM compared to NGT and 

NP. Similarly, in plasma samples, miR-652 showed a significant downregulation in GDM 

compared to both NGT and NP. Thus, miR-196a-5p and miR-652 were significantly 

deregulated in GDM, not only compared to NGT but also compared to NP, indicating that 

these two microRNAs might characterise GDM status.  

 

Target gene prediction and network analysis of microRNAs differentially expressed in 
exosomes  
	
The upregulated and downregulated exosomal microRNAs in GDM vs NGT were linked to 

58 experimentally validated and 942 highly predicted target genes. Of note, these target 

genes are known to be involved in key pathways implicated in GDM and T2D 

pathophysiology, including Adenosine Monophosphate (AMP)-activated protein kinase 

(AMPK), sirtuin, peroxisome proliferator-activated receptor (PPAR), PI3K/mTOR, insulin 

secretion, acute phase response, adipogenesis, mitochondrial dysfunction, oxidative stress, 

endoplasmic reticulum stress. In particular, E2F transcription factor 1 (E2F1), which is 

known to be critically involved in glucose-stimulated insulin secretion (163), emerged as an 

experimentally validated target of miR-93-5p. Furthermore, the transcription factor 

Forkhead box protein O1 (FoxO1), which regulates pancreatic β-cell and adipocyte function, 

emerged as an experimentally validated target of miR-183-5p, while IRS-1, which plays a 

key role in insulin signalling pathway, was revealed as a predicted target of miR-183-5p 

(164). The biological processes and diseases enriched with the differentially expressed 

microRNAs are shown in Figure 5. Notably, reproductive system diseases were among the 

most relevant diseases associated with the deregulated microRNAs. The network analysis 

using IPA on the microRNA profile is shown in Figure 6. Of note, several molecules 

represented in the microRNA network, including glycogen synthase kinase 3 (GSK3), E2F1, 

PTEN, transforming growth factor beta receptor (TGFBR) are critically involved in GDM 

and T2D pathways, such as PI3K/Akt, FoxO and mTOR. In addition, the functional network 



	 47	

revealed “cell cycle”, “cellular development”, “cell death and survival” as the most 

significantly enriched biological processes.  

 

 
Figure 5. Diseases and biological processes significantly enriched with the differentially expressed 
microRNAs in exosomes 
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Figure 6. Molecular network by IPA pathway enrichment analysis for differentially expressed 
exosomal microRNAs 
 

 

Target gene prediction and network analysis of microRNAs differentially expressed in 
plasma 
	
The differentially expressed plasma microRNAs in GDM vs NGT were associated with 225 

experimentally validated and 775 predicted target genes. Of note, several functional 

pathways linked to these target genes, such as AMPK, PPAR, PI3K/AKT, IGF-1 signalling, 

insulin secretion, endoplasmic reticulum stress, adipogenesis and fatty acid biosynthesis 

pathways, are consistently related to GDM and T2D pathophysiology. Specifically, 

adiponectin receptor ADIPOR2 and fatty acid synthase (FASN) were predicted target genes 

of miR-150-5p and miR-195-5p, respectively.  

Interestingly, functional pathways related to the deregulated microRNAs in plasma were 

consistently associated with endocrine system disorders, reproductive and metabolic 
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diseases (Figure 7.). The predicted functional network on the differentially expressed 

microRNAs in plasma involved several molecules that are known to intervene in PI3K/AKT, 

FoxO, TNF-α and mTOR signalling pathways (Figure 8.). Remarkably, functional pathways 

of the altered microRNAs were significantly associated with several biological processes, 

including “cell survival”, “cell cycle progression”, “growth of organism”. Of note, a 

predicted network involving mir-130, miR-150-5p, miR-154, miR-16-5p, miR-17, miR-19, 

miR-19b-3p, miR-221-3p, miR-29, phosphoinositide-3-kinase regulatory subunit 1 

(PIK3R1), PTEN, TP53 was consistently linked to “diabetes mellitus”.  

 

 
 

Figure 7. Diseases and biological processes significantly enriched with the differentially expressed 
microRNAs in plasma 
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Figure 8. Molecular network by IPA pathway enrichment analysis for differentially expressed 
plasma microRNAs 
 

DISCUSSION 
 

In this study, microRNA expression has been profiled in plasma exosomes isolated from 

women with GDM and NGT. Different patterns of expression have been observed between 

the two groups, suggesting that GDM pregnancy might be hallmarked by profound 

microRNA changes in exosomes. Exosomes carry a wide range of molecules, including 

microRNAs. The remarkable stability in extracellular fluids and the easy collection from 

peripheral blood samples are the main strengths of these molecules as putative biomarkers 

for GDM. Of note, microRNAs enveloped in exosomes are protected from exogenous 

ribonucleases, being therefore able to deliver key information to target cells and tissues, 

critically affecting their functions (111,165). In light of this, in the last decades, exosome 

signalling has gained increasing attention as a novel mechanism of cell-to-cell 

communication both in physiological and pathological conditions, including GDM. 

Interestingly, as exosomes content is cell specific, it is believed that the metabolic status of 
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the cell or tissue of origin might be mirrored by circulating tissue-derived exosomes. Hence, 

not only is circulating exosome characterisation crucial in elucidating GDM 

pathophysiology, but it has also potential clinical utility in the early identification of women 

at risk of developing pregnancy disorders, such as GDM. In this attempt, Nair et al. explored 

microRNA expression by next generation sequencing (NGS) in exosomes isolated from 

chorionic villi explants of 12 women with GDM and 12 healthy pregnant women (118), 

identifying several differentially expressed microRNAs in GDM. Among them, the 

expression of selected microRNAs (miR-22-3p, miR-125a-3p, miR-197-3p, miR-99b-5p, 

and miR-224-5p) has been evaluated in skeletal muscle biopsies and in circulating 

exosomes, highlighting different patterns of expression between GDM and control subjects, 

broadly reflecting the chorionic villi profile. Other authors explored the expression profile 

of five selected microRNAs (miR‑516‑5p, miR‑517‑3p, miR‑518‑5p, miR‑222‑3p, and 

miR‑16‑5p) in placenta-specific exosomes purified from urine in the first, second and third 

trimester of gestation, in patients with GDM and in healthy pregnant women. All the selected 

microRNAs were downregulated in patients with GDM at the third trimester of gestation 

and the predicted metabolic pathways were related to GDM pathophysiology (166). 

However, to date, evidence about microRNA profiling in circulating exosomes in GDM is 

limited. Revealing microRNA content in circulating exosomes is therefore a key unexplored 

area of research that not only might give important contribution to the understanding of 

GDM pathophysiology, but might also help individuate useful biomarkers for diagnosis, 

monitoring and treatment of GDM and GDM-related complications. In this study, different 

patterns of expression of microRNAs were observed in exosomes between GDM and NGT 

in the third trimester of pregnancy, suggesting that GDM is likely to be associated with 

modification of the microRNA exosomal content, compared to NGT pregnancies. Among 

the differentially expressed microRNAs, miR-183-5p was downregulated in exosomes from 

GDM compared to NGT. Lamadrid-Romero et al. observed an upregulation of miR-183-5p 

in serum from GDM patients in respect to NGT in the first trimester of pregnancy, while in 

the third trimester miR-183-5p expression was significantly lower in the GDM group (131). 

Notably, miR-183 family has been classified as anti-apoptotic and proliferative (167-169). 

Thus, it could be speculated that a reduced expression of miR-183-5p in GDM might impact 

cell proliferation. In bioinformatics analysis, FoxO1 was found to be a validated target of 

miR-183-5p. It is well known that the transcription factors of the FoxO subfamily are crucial 

regulators of metabolism, proliferation, and differentiation (164,170). Specifically, FoxO1 
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is a substrate of PI3K/AKT, and is highly expressed in the pancreas, liver, skeletal muscle 

and adipose tissue, negatively regulating the insulin signalling pathway (171). Evidence 

suggests that FoxO1 is closely related to T2D as well, since it is a crucial regulator of 

pancreatic β-cell and adipocyte function (164,172). Remarkably, FoxO1 expression was 

found to be increased in pancreatic islets of patients with T2D compared control subjects 

(173). In addition, in white adipose tissue of Lepr(db/db) mice, the reduced expression of 

the FoxO1-CoRepressor protein, which inhibits FoxO1 activity, led to decreased insulin 

sensitivity. In pregnancy, FoxO1 seems to play crucial roles in placental morphogenesis and 

embryo development (174). However, FoxO1 has been also linked to pregnancy disorders. 

Specifically, an association between FoxO1 and the development of eclampsia has been 

described (175,176). Although little is known about the role of FoxO1 in GDM pregnancy, 

it has been hypothesized that FoxO1 may be involved in the development of insulin 

resistance by promoting inflammation (177). Of note, FoxO1 protein expression was 

increased in the placenta and VAT from GDM patients compared to controls, and the 

expression of FoxO1 in the placenta was positively correlated with HOMA-IR and TNF-α 

(178). In addition, in bioinformatics analysis IRS-1 emerged as a predicted target of miR-

183-5p. Insulin signalling pathway is activated by the binding of insulin to its receptor, 

which further results in the receptor auto-phosphorylation and the phosphorylation of IRS. 

Thus, phosphorylated IRS activates downstream effectors such as PI3K, and then inducing 

end point events including GLUT-4 translocation and glucose uptake. The impaired 

phosphorylation of insulin signalling molecules such as insulin receptor and IRS, plays key 

roles in mediating insulin resistance. Recently, a regulatory effect of miR-183 on IRS-1 has 

been described in human umbilical vascular endothelial cells (HUVECs) injury induced by 

oxidized low-density lipoprotein. Specifically, miR-183 inhibited the expression of IRS-1, 

and the inhibition of miR-183 expression counterbalanced HUVECs injury by upregulating 

expression of IRS-1 (179).  

MiR-93-5p was significantly downregulated in exosomes from GDM compared to NGT, 

and in bioinformatics analysis E2F1 emerged as an experimentally validated target gene of 

miR-93-5p. E2F1 has been previously demonstrated to be involved in pancreatic β-cell 

proliferation and growth, as well as in the regulation of insulin secretion (163). Specifically, 

the overexpression of E2F1 can induce β-cell proliferation, while E2F1 knockout mice 

display a reduced pancreatic size and are glucose intolerant (163). 

MicroRNA profiling in plasma samples revealed different patterns of expression between 

GDM and NGT. Among the differentially regulated microRNAs, miR-195-5p was 
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significantly downregulated in GDM. This result is in contrast with previous findings by 

Tagoma et al., which observed an overexpression of miR-195-5p in GDM compared to 

control group (141). However, it should be highlighted that Tagoma et al. explored 

microRNA expression profile in plasma samples obtained from women with GDM and 

without GDM at a different stage of pregnancy (25-27 weeks). Of note, evidence suggests 

that the predicted target genes of miR-195-5p are involved in fatty acid synthesis and 

gluconeogenesis (180). Accordingly, in bioinformatics analysis, FASN, a crucial regulator 

of lipid metabolism, emerged as a predicted target of miR-195-5p.  

Among the differentially expressed microRNAs in plasma between GDM and NGT, miR-

150-5p was upregulated in GDM. Mir-150-5p has been previously shown to promote 

adipogenic differentiation of adipose-derived stem cells (181). Accordingly, in 

bioinformatics analysis adiponectin receptor ADIPOR2 was found to be a predicted target 

of miR-150-5p.  

MiR-222-3p was found to be downregulated in exosomes and upregulated in plasma samples 

from GDM compared to NGT. This microRNA has been consistently linked to GDM in 

several studies. In particular, Tagoma et al. observed an upregulation of miR-222-3p in 

plasma samples from women with GDM compared to healthy subjects. By contrast, Zhao et 

al. reported the opposite result (142). However, Zhao et al. explored microRNA expression 

in serum samples at a different stage of pregnancy (16-19 weeks), when the metabolic 

adaptations are still not completely defined. In line with Zhao et al., a significantly decreased 

expression of miR-222-3p in sera of GDM patients (n=53) compared to healthy pregnant 

women (n=28) was reported by Pheiffer et al (143). MicroRNA expression has been shown 

to vary between serum and plasma samples as well as among different trimester of pregnancy 

(182,183), possibly explaining the discrepancy between these results. Notably, miR-222 has 

been reported to be one of the most abundant microRNAs detected in maternal plasma 

throughout pregnancy, with its peak expression during 24–28 gestational weeks (182). MiR-

222 expression has been previously evaluated at a tissue level as well, in GDM. Specifically, 

a significant upregulation of miR-222 was observed in primary human arterial foeto-

placental endothelial cells derived from GDM in respect to normal pregnancies. Since miR-

222 is a negative regulator of intercellular cell adhesion molecule-1 (ICAM-1) (184,185) 

this microRNA may determine the reduced ICAM-1 levels observed in the foeto-placental 

endothelium in GDM (186). Furthermore, Shi et al. evaluated microRNA expression profile 

in omental VAT from GDM (n=3) and healthy pregnant women (n=3) at caesarean delivery 

(120), identifying an upregulation of miR-222 in GDM. Remarkably, they showed a negative 
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correlation between miR-222 levels, estrogen receptor (ER)-α and GLUT4 and an increase 

in serum estradiol level in GDM women in respect to CTRLs. This correlation and the direct 

targeting of miR-222 on ER-α were functionally validated in 3T3-L1 adipocytes. Since 

estradiol and ER-α, acting on GLUT4, are critical regulators in obesity and insulin resistance 

(187-189) these results underline the role of miR-222 in the modulation of ER-α expression 

in estrogen-induced GDM insulin resistance.  

A cohort of NP women was also profiled to possibly identify microRNAs that might 

characterise GDM status. When comparing microRNA expression between GDM, NGT and 

NP, miR-196a-5p and miR-652 resulted to be significantly downregulated in GDM 

compared to NGT and NP in exosomes and plasma, respectively, suggesting that this 

deregulation might hallmark GDM pregnancy. Of note, both miR-196a-5p and miR-652 

were involved in the predicted functional networks on the differentially expressed 

microRNAs.  

Bioinformatics analysis revealed that the upregulated and downregulated exosomal and 

plasma microRNAs in GDM vs NGT were linked to a large number of experimentally 

validated and highly predicted target genes. Interestingly, most of these target genes are 

implicated in crucial pathways involved in GDM pathophysiology, such as AMPK, sirtuin, 

PPAR, PI3K/mTOR, insulin secretion, IGF-1 signalling, acute phase response, 

adipogenesis, fatty acid biosynthesis, mitochondrial dysfunction, oxidative stress, 

endoplasmic reticulum stress. Furthermore, the differentially expressed microRNAs in 

exosomes and plasma revealed a significant enrichment of microRNA targeting reproductive 

system diseases, cellular development, embryonic and organism development, endocrine 

system disorders, metabolic diseases, inflammatory response. Functional pathways of the 

altered microRNAs were significantly linked to several biological processes, including “cell 

cycle progression”, “cell death and survival”, “growth of organism”, “cellular development”, 

suggesting that these microRNAs might play relevant roles in pregnancy progression and 

adaptations. Remarkably, a predicted network for the differentially expressed plasma 

microRNAs included mir-130, miR-150-5p, miR-154, miR-16-5p, miR-17, miR-19, miR-

19b-3p, miR-221-3p, miR-29, PIK3R1, PTEN, TP53, and was consistently linked to 

“diabetes mellitus”. Overall, these findings suggest that GDM might be associated to marked 

alterations of the microRNA signature in exosomes and plasma, conceivably mirroring the 

metabolic modifications described in GDM pregnancy. Indeed, the major predicted target 

genes and biological processes of the deregulated microRNAs were associated with insulin 

resistance and abnormal glucose and lipid metabolism, consistently linked to GDM 
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pathophysiology. In light of this, exploring circulating microRNA expression might help 

unravel the molecular events leading to the metabolic alterations observed in GDM.  

In this study, microRNA expression was analysed with the novel digital technology 

NanoString, an innovative procedure that allows to characterise microRNAs with high 

reproducibility, specificity and sensibility. In particular, the NanoString is able to detect the 

expression of 800 microRNAs through a digital technology based on the direct quantification 

of molecules in a single reaction without retro-transcription in cDNA and amplification. 

Thus, this method assures an absolute and more precise quantification of miRNAs, with a 

low rate of errors and a reduced analytical time, compared to conventional methods.  

 

CONCLUSIONS AND FUTURE PERSPECTIVES 
 

GDM is an increasingly common condition that can lead to severe and lifelong adverse 

complications for the mother and the child. The molecular mechanisms involved in the 

pathophysiology of this condition as well as in the development of its complications are not 

yet fully defined. In this study, microRNA expression was explored with an innovative 

technology and several microRNAs were differentially expressed in exosomes and plasma 

from women with GDM, compared to controls, at third trimester of pregnancy. Several 

enriched pathways involved in the pathogenesis of GDM have been predicted, suggesting 

that these deregulated microRNAs might be involved in the metabolic alterations observed 

in GDM pregnancy. These findings indicate potential roles of microRNAs as regulators of 

biological processes, mediators of tissue cross-talk and biomarkers of disease. It should be 

highlighted that these results require validation in larger cohorts, and functional studies are 

also necessary to confirm the biological and regulatory functions of the deregulated 

microRNAs. Further evidence from prospective studies, evaluating microRNA patterns from 

the very early stage of pregnancy and then in different windows of time until delivery, is 

therefore needed to confirm whether circulating microRNAs in maternal exosomes and 

plasma can serve as biomarkers for GDM prediction, diagnosis and monitoring.  

 

 

 

 

 

 



	 56	

Chapter 4: Other peer-reviewed papers published during the PhD 
 

1. Anastasi E, Filardi T, Tartaglione S, Lenzi A, Angeloni A, Morano S. Linking type 
2 diabetes and gynecological cancer: an introductory overview. Clin Chem Lab Med. 
2018;56(9):1413-1425. 

2. Bertoccini L, Bailetti D, Group SSiD, Buzzetti R, Cavallo MG, Copetti M, Cossu E, 
D'Angelo P, De Cosmo S, Di Mauro L, Leonetti F, Morano S, Morviducci L, Napoli 
N, Prudente S, Pugliese G, Trischitta V, Baroni MG. Variability in genes regulating 
vitamin D metabolism is associated with vitamin D levels in type 2 diabetes. 
Oncotarget. 2018;9(79):34911-34918. 

3. Filardi T, Tavaglione F, Di Stasio M, Fazio V, Lenzi A, Morano S. Impact of risk 
factors for gestational diabetes (GDM) on pregnancy outcomes in women with 
GDM. J Endocrinol Invest. 2018;41(6):671-676. 

4. Lepore G, Bonfanti R, Bozzetto L, Di Blasi V, Girelli A, Grassi G, Iafusco D, Laviola 
L, Rabbone I, Schiaffini R, Bruttomesso D, Italian Study Group on the Diffusion of 
C. Metabolic control and complications in Italian people with diabetes treated with 
continuous subcutaneous insulin infusion. Nutr Metab Cardiovasc Dis. 
2018;28(4):335-342. 

5. Pintaudi B, Fresa R, Dalfra M, Dodesini AR, Vitacolonna E, Tumminia A, Sciacca 
L, Lencioni C, Marcone T, Lucisano G, Nicolucci A, Bonomo M, Napoli A, 
Collaborators SS. The risk stratification of adverse neonatal outcomes in women with 
gestational diabetes (STRONG) study. Acta Diabetol. 2018;55(12):1261-1273. 

6. Prudente S, Di Paola R, Pezzilli S, Garofolo M, Lamacchia O, Filardi T, Mannino 
GC, Mercuri L, Alberico F, Scarale MG, Sesti G, Morano S, Penno G, Cignarelli M, 
Copetti M, Trischitta V. Pharmacogenetics of oral antidiabetes drugs: evidence for 
diverse signals at the IRS1 locus. Pharmacogenomics J. 2018;18(3):431-435. 

7. Saglimbene V, Palmer SC, Ruospo M, Natale P, Maione A, Nicolucci A, Vecchio 
M, Tognoni G, Craig JC, Pellegrini F, Lucisano G, Hegbrant J, Ariano R, Lamacchia 
O, Sasso A, Morano S, Filardi T, De Cosmo S, Pugliese G, Procaccini DA, Gesualdo 
L, Palasciano G, Johnson DW, Tonelli M, Strippoli GFM, Long-Term Impact of 
RASIoCOI. The Long-Term Impact of Renin-Angiotensin System (RAS) Inhibition 
on Cardiorenal Outcomes (LIRICO): A Randomized, Controlled Trial. J Am Soc 
Nephrol. 2018;29(12):2890-2899. 

8. Filardi T, Carnevale V, Massoud R, Russo C, Nieddu L, Tavaglione F, Turinese I, 
Lenzi A, Romagnoli E, Morano S. High serum osteopontin levels are associated with 
prevalent fractures and worse lipid profile in post-menopausal women with type 2 
diabetes. J Endocrinol Invest. 2019;42(3):295-301. 

9. Filardi T, Ghinassi B, Di Baldassarre A, Tanzilli G, Morano S, Lenzi A, Basili S, 
Crescioli C. Cardiomyopathy Associated with Diabetes: The Central Role of the 
Cardiomyocyte. Int J Mol Sci. 2019;20(13). 

10. Filardi T, Panimolle F, Crescioli C, Lenzi A, Morano S. Gestational Diabetes 
Mellitus: The Impact of Carbohydrate Quality in Diet. Nutrients. 2019;11(7). 

11. Giannattasio S, Corinaldesi C, Colletti M, Di Luigi L, Antinozzi C, Filardi T, 
Scolletta S, Basili S, Lenzi A, Morano S, Crescioli C. The phosphodiesterase 5 
inhibitor sildenafil decreases the proinflammatory chemokine IL-8 in diabetic 
cardiomyopathy: in vivo and in vitro evidence. J Endocrinol Invest. 2019;42(6):715-
725. 

12. Grieco M, Giorgi A, Gentile MC, d'Erme M, Morano S, Maras B, Filardi T. 
Glucagon-Like Peptide-1: A Focus on Neurodegenerative Diseases. Front Neurosci. 
2019;13:1112. 



	 57	

13. Santangelo C, Filardi T, Perrone G, Mariani M, Mari E, Scazzocchio B, Masella R, 
Brunelli R, Lenzi A, Zicari A, Morano S. Cross-talk between fetal membranes and 
visceral adipose tissue involves HMGB1-RAGE and VIP-VPAC2 pathways in 
human gestational diabetes mellitus. Acta Diabetol. 2019;56(6):681-689. 

14. Solini A, Penno G, Orsi E, Bonora E, Fondelli C, Trevisan R, Vedovato M, Cavalot 
F, Lamacchia O, Baroni MG, Nicolucci A, Pugliese G, Renal I, Cardiovascular 
Events Study G. Is resistant hypertension an independent predictor of all-cause 
mortality in individuals with type 2 diabetes? A prospective cohort study. BMC Med. 
2019;17(1):83. 

15. Filardi T, Catanzaro G, Mardente S, Zicari A, Santangelo C, Lenzi A, Morano S, 
Ferretti E. Non-Coding RNA: Role in Gestational Diabetes Pathophysiology and 
Complications. Int J Mol Sci. 2020;21(11). 

16. Filardi T, Morano S. COVID-19: is there a link between the course of infection and 
pharmacological agents in diabetes? J Endocrinol Invest. 2020;43(8):1053-1060. 

17. Filardi T, Panimolle F, Lenzi A, Morano S. Bisphenol A and Phthalates in Diet: An 
Emerging Link with Pregnancy Complications. Nutrients. 2020;12(2). 

18. Filardi T, Panimolle F, Tiberti C, Crescioli C, Lenzi A, Pallotta N, Morano S. 
Circulating levels of fetuin-A are associated with moderate-severe hepatic steatosis 
in young adults. J Endocrinol Invest. 2020. 

19. Tiberti C, Montuori M, Trovato CM, Panimolle F, Filardi T, Valitutti F, Lenzi A, 
Cucchiara S, Morano S. Gluten-free diet impact on dynamics of pancreatic islet-
specific autoimmunity detected at celiac disease diagnosis. Pediatr Diabetes. 
2020;21(5):774-780. 

 

 

 

 

REFERENCES 
 

1. American Diabetes Association. 2. Classification and Diagnosis of Diabetes: 
Standards of Medical Care in Diabetes-2019. Diabetes Care. 2019;42(Suppl 1):S13-
S28. 

2. Casagrande SS, Linder B, Cowie CC. Prevalence of gestational diabetes and 
subsequent Type 2 diabetes among U.S. women. Diabetes Res Clin Pract. 
2018;141:200-208. 

3. Zhu Y, Zhang C. Prevalence of Gestational Diabetes and Risk of Progression to Type 
2 Diabetes: a Global Perspective. Curr Diab Rep. 2016;16(1):7. 

4. Group HSCR, Metzger BE, Lowe LP, Dyer AR, Trimble ER, Chaovarindr U, 
Coustan DR, Hadden DR, McCance DR, Hod M, McIntyre HD, Oats JJ, Persson B, 
Rogers MS, Sacks DA. Hyperglycemia and adverse pregnancy outcomes. N Engl J 
Med. 2008;358(19):1991-2002. 

5. Metzger BE, Persson B, Lowe LP, Dyer AR, Cruickshank JK, Deerochanawong C, 
Halliday HL, Hennis AJ, Liley H, Ng PC, Coustan DR, Hadden DR, Hod M, Oats 
JJ, Trimble ER, Group HSCR. Hyperglycemia and adverse pregnancy outcome 
study: neonatal glycemia. Pediatrics. 2010;126(6):e1545-1552. 

6. Szmuilowicz ED, Josefson JL, Metzger BE. Gestational Diabetes Mellitus. 
Endocrinol Metab Clin North Am. 2019;48(3):479-493. 



	 58	

7. Clausen TD, Mathiesen ER, Hansen T, Pedersen O, Jensen DM, Lauenborg J, Damm 
P. High prevalence of type 2 diabetes and pre-diabetes in adult offspring of women 
with gestational diabetes mellitus or type 1 diabetes: the role of intrauterine 
hyperglycemia. Diabetes Care. 2008;31(2):340-346. 

8. Clausen TD, Mathiesen ER, Hansen T, Pedersen O, Jensen DM, Lauenborg J, 
Schmidt L, Damm P. Overweight and the metabolic syndrome in adult offspring of 
women with diet-treated gestational diabetes mellitus or type 1 diabetes. J Clin 
Endocrinol Metab. 2009;94(7):2464-2470. 

9. Yu Y, Arah OA, Liew Z, Cnattingius S, Olsen J, Sorensen HT, Qin G, Li J. Maternal 
diabetes during pregnancy and early onset of cardiovascular disease in offspring: 
population based cohort study with 40 years of follow-up. BMJ. 2019;367:l6398. 

10. The International Association of Diabetes and Pregnancy Study Groups Consensus 
P, Metzger BE, Gabbe SG, Persson B, Buchanan TA, Catalano PA, Damm P, Dyer 
AR, Leiva A, Hod M, Kitzmiler JL, Lowe LP, McIntyre HD, Oats JJ, Omori Y, 
Schmidt MI. International association of diabetes and pregnancy study groups 
recommendations on the diagnosis and classification of hyperglycemia in pregnancy. 
Diabetes Care. 2010;33(3):676-682. 

11. Associazione Medici Diabetologi - Società Italiana di Diabetologia AMD-SID. 
Standard italiani per la cura del diabete mellito 2018. 
http://www.siditalia.it/clinica/standard-di-cura-amd-sid 

12. Zhong C, Li X, Chen R, Zhou X, Liu C, Wu J, Xu S, Wang W, Xiao M, Xiong G, 
Wang J, Yang X, Hao L, Yang N. Greater early and mid-pregnancy gestational 
weight gain are associated with increased risk of gestational diabetes mellitus: A 
prospective cohort study. Clin Nutr ESPEN. 2017;22:48-53. 

13. Schwartz N, Nachum Z, Green MS. The prevalence of gestational diabetes mellitus 
recurrence--effect of ethnicity and parity: a metaanalysis. Am J Obstet Gynecol. 
2015;213(3):310-317. 

14. Pu J, Zhao B, Wang EJ, Nimbal V, Osmundson S, Kunz L, Popat RA, Chung S, 
Palaniappan LP. Racial/Ethnic Differences in Gestational Diabetes Prevalence and 
Contribution of Common Risk Factors. Paediatr Perinat Epidemiol. 
2015;29(5):436-443. 

15. Filardi T, Panimolle F, Lenzi A, Morano S. Bisphenol A and Phthalates in Diet: An 
Emerging Link with Pregnancy Complications. Nutrients. 2020;12(2). 

16. Filardi T, Panimolle F, Crescioli C, Lenzi A, Morano S. Gestational Diabetes 
Mellitus: The Impact of Carbohydrate Quality in Diet. Nutrients. 2019;11(7). 

17. Di Cianni G, Miccoli R, Volpe L, Lencioni C, Del Prato S. Intermediate metabolism 
in normal pregnancy and in gestational diabetes. Diabetes Metab Res Rev. 
2003;19(4):259-270. 

18. Plows JF, Stanley JL, Baker PN, Reynolds CM, Vickers MH. The Pathophysiology 
of Gestational Diabetes Mellitus. Int J Mol Sci. 2018;19(11). 

19. Butler AE, Cao-Minh L, Galasso R, Rizza RA, Corradin A, Cobelli C, Butler PC. 
Adaptive changes in pancreatic beta cell fractional area and beta cell turnover in 
human pregnancy. Diabetologia. 2010;53(10):2167-2176. 

20. Catalano PM. Trying to understand gestational diabetes. Diabet Med. 
2014;31(3):273-281. 

21. Barbour LA, McCurdy CE, Hernandez TL, Kirwan JP, Catalano PM, Friedman JE. 
Cellular mechanisms for insulin resistance in normal pregnancy and gestational 
diabetes. Diabetes Care. 2007;30 Suppl 2:S112-119. 

22. Lekva T, Norwitz ER, Aukrust P, Ueland T. Impact of Systemic Inflammation on 
the Progression of Gestational Diabetes Mellitus. Curr Diab Rep. 2016;16(4):26. 



	 59	

23. Baeyens L, Hindi S, Sorenson RL, German MS. beta-Cell adaptation in pregnancy. 
Diabetes Obes Metab. 2016;18 Suppl 1:63-70. 

24. Prentki M, Nolan CJ. Islet beta cell failure in type 2 diabetes. J Clin Invest. 
2006;116(7):1802-1812. 

25. Moyce BL, Dolinsky VW. Maternal beta-Cell Adaptations in Pregnancy and 
Placental Signalling: Implications for Gestational Diabetes. Int J Mol Sci. 
2018;19(11). 

26. Nordmann TM, Dror E, Schulze F, Traub S, Berishvili E, Barbieux C, Boni-
Schnetzler M, Donath MY. The Role of Inflammation in beta-cell Dedifferentiation. 
Sci Rep. 2017;7(1):6285. 

27. Crowther CA, Alsweiler JM, Hughes R, Brown J, Target Study G. Tight or less tight 
glycaemic targets for women with gestational diabetes mellitus for reducing maternal 
and perinatal morbidity? (TARGET): study protocol for a stepped wedge randomised 
trial. BMC Pregnancy Childbirth. 2018;18(1):425. 

28. American Diabetes Association. 14. Management of Diabetes in Pregnancy: 
Standards of Medical Care in Diabetes-2019. Diabetes Care. 2019;42(Suppl 
1):S165-S172. 

29. Kramer MS, Kakuma R. Energy and protein intake in pregnancy. Cochrane 
Database Syst Rev. 2003(4):CD000032. 

30. Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu Rev 
Immunol. 2011;29:415-445. 

31. Makhseed M, Raghupathy R, Azizieh F, Omu A, Al-Shamali E, Ashkanani L. Th1 
and Th2 cytokine profiles in recurrent aborters with successful pregnancy and with 
subsequent abortions. Hum Reprod. 2001;16(10):2219-2226. 

32. Mor G, Cardenas I, Abrahams V, Guller S. Inflammation and pregnancy: the role of 
the immune system at the implantation site. Ann N Y Acad Sci. 2011;1221:80-87. 

33. Soeters PB, Grimble RF. The conditional role of inflammation in pregnancy and 
cancer. Clin Nutr. 2013;32(3):460-465. 

34. Hauguel-de Mouzon S, Guerre-Millo M. The placenta cytokine network and 
inflammatory signals. Placenta. 2006;27(8):794-798. 

35. Lappas M, Permezel M, Rice GE. Leptin and adiponectin stimulate the release of 
proinflammatory cytokines and prostaglandins from human placenta and maternal 
adipose tissue via nuclear factor-kappaB, peroxisomal proliferator-activated 
receptor-gamma and extracellularly regulated kinase 1/2. Endocrinology. 
2005;146(8):3334-3342. 

36. Aaltonen R, Heikkinen T, Hakala K, Laine K, Alanen A. Transfer of 
proinflammatory cytokines across term placenta. Obstet Gynecol. 2005;106(4):802-
807. 

37. Zaretsky MV, Alexander JM, Byrd W, Bawdon RE. Transfer of inflammatory 
cytokines across the placenta. Obstet Gynecol. 2004;103(3):546-550. 

38. Uchide N, Ohyama K, Bessho T, Takeichi M, Toyoda H. Possible roles of 
proinflammatory and chemoattractive cytokines produced by human fetal membrane 
cells in the pathology of adverse pregnancy outcomes associated with influenza virus 
infection. Mediators Inflamm. 2012;2012:270670. 

39. Georgiou HM, Lappas M, Georgiou GM, Marita A, Bryant VJ, Hiscock R, Permezel 
M, Khalil Z, Rice GE. Screening for biomarkers predictive of gestational diabetes 
mellitus. Acta Diabetol. 2008;45(3):157-165. 

40. Lowe LP, Metzger BE, Lowe WL, Jr., Dyer AR, McDade TW, McIntyre HD, Group 
HSCR. Inflammatory mediators and glucose in pregnancy: results from a subset of 



	 60	

the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study. J Clin 
Endocrinol Metab. 2010;95(12):5427-5434. 

41. Jayabalan N, Nair S, Nuzhat Z, Rice GE, Zuniga FA, Sobrevia L, Leiva A, Sanhueza 
C, Gutierrez JA, Lappas M, Freeman DJ, Salomon C. Cross Talk between Adipose 
Tissue and Placenta in Obese and Gestational Diabetes Mellitus Pregnancies via 
Exosomes. Front Endocrinol (Lausanne). 2017;8:239. 

42. Altinova AE, Toruner F, Bozkurt N, Bukan N, Karakoc A, Yetkin I, Ayvaz G, Cakir 
N, Arslan M. Circulating concentrations of adiponectin and tumor necrosis factor-
alpha in gestational diabetes mellitus. Gynecol Endocrinol. 2007;23(3):161-165. 

43. Kinalski M, Telejko B, Kuzmicki M, Kretowski A, Kinalska I. Tumor necrosis factor 
alpha system and plasma adiponectin concentration in women with gestational 
diabetes. Horm Metab Res. 2005;37(7):450-454. 

44. Xu J, Zhao YH, Chen YP, Yuan XL, Wang J, Zhu H, Lu CM. Maternal circulating 
concentrations of tumor necrosis factor-alpha, leptin, and adiponectin in gestational 
diabetes mellitus: a systematic review and meta-analysis. ScientificWorldJournal. 
2014;2014:926932. 

45. Guillemette L, Lacroix M, Battista MC, Doyon M, Moreau J, Menard J, Ardilouze 
JL, Perron P, Hivert MF. TNFalpha dynamics during the oral glucose tolerance test 
vary according to the level of insulin resistance in pregnant women. J Clin 
Endocrinol Metab. 2014;99(5):1862-1869. 

46. Briana DD, Malamitsi-Puchner A. Reviews: adipocytokines in normal and 
complicated pregnancies. Reprod Sci. 2009;16(10):921-937. 

47. Kuzmicki M, Telejko B, Szamatowicz J, Zonenberg A, Nikolajuk A, Kretowski A, 
Gorska M. High resistin and interleukin-6 levels are associated with gestational 
diabetes mellitus. Gynecol Endocrinol. 2009;25(4):258-263. 

48. Morisset AS, Dube MC, Cote JA, Robitaille J, Weisnagel SJ, Tchernof A. 
Circulating interleukin-6 concentrations during and after gestational diabetes 
mellitus. Acta Obstet Gynecol Scand. 2011;90(5):524-530. 

49. Vozarova B, Weyer C, Hanson K, Tataranni PA, Bogardus C, Pratley RE. 
Circulating interleukin-6 in relation to adiposity, insulin action, and insulin secretion. 
Obes Res. 2001;9(7):414-417. 

50. Hassiakos D, Eleftheriades M, Papastefanou I, Lambrinoudaki I, Kappou D, 
Lavranos D, Akalestos A, Aravantinos L, Pervanidou P, Chrousos G. Increased 
Maternal Serum Interleukin-6 Concentrations at 11 to 14 Weeks of Gestation in Low 
Risk Pregnancies Complicated with Gestational Diabetes Mellitus: Development of 
a Prediction Model. Horm Metab Res. 2016;48(1):35-41. 

51. Fasshauer M, Bluher M, Stumvoll M. Adipokines in gestational diabetes. Lancet 
Diabetes Endocrinol. 2014;2(6):488-499. 

52. Miehle K, Stepan H, Fasshauer M. Leptin, adiponectin and other adipokines in 
gestational diabetes mellitus and pre-eclampsia. Clin Endocrinol (Oxf). 
2012;76(1):2-11. 

53. Lopez-Tinoco C, Roca M, Fernandez-Deudero A, Garcia-Valero A, Bugatto F, 
Aguilar-Diosdado M, Bartha JL. Cytokine profile, metabolic syndrome and 
cardiovascular disease risk in women with late-onset gestational diabetes mellitus. 
Cytokine. 2012;58(1):14-19. 

54. Kautzky-Willer A, Pacini G, Tura A, Bieglmayer C, Schneider B, Ludvik B, Prager 
R, Waldhausl W. Increased plasma leptin in gestational diabetes. Diabetologia. 
2001;44(2):164-172. 

55. Ategbo JM, Grissa O, Yessoufou A, Hichami A, Dramane KL, Moutairou K, Miled 
A, Grissa A, Jerbi M, Tabka Z, Khan NA. Modulation of adipokines and cytokines 



	 61	

in gestational diabetes and macrosomia. J Clin Endocrinol Metab. 
2006;91(10):4137-4143. 

56. Qiu C, Williams MA, Vadachkoria S, Frederick IO, Luthy DA. Increased maternal 
plasma leptin in early pregnancy and risk of gestational diabetes mellitus. Obstet 
Gynecol. 2004;103(3):519-525. 

57. Stefan N, Vozarova B, Funahashi T, Matsuzawa Y, Weyer C, Lindsay RS, Youngren 
JF, Havel PJ, Pratley RE, Bogardus C, Tataranni PA. Plasma adiponectin 
concentration is associated with skeletal muscle insulin receptor tyrosine 
phosphorylation, and low plasma concentration precedes a decrease in whole-body 
insulin sensitivity in humans. Diabetes. 2002;51(6):1884-1888. 

58. Galic S, Oakhill JS, Steinberg GR. Adipose tissue as an endocrine organ. Mol Cell 
Endocrinol. 2010;316(2):129-139. 

59. Wojcik M, Chmielewska-Kassassir M, Grzywnowicz K, Wozniak L, Cypryk K. The 
relationship between adipose tissue-derived hormones and gestational diabetes 
mellitus (GDM). Endokrynol Pol. 2014;65(2):134-142. 

60. Lacroix M, Battista MC, Doyon M, Menard J, Ardilouze JL, Perron P, Hivert MF. 
Lower adiponectin levels at first trimester of pregnancy are associated with increased 
insulin resistance and higher risk of developing gestational diabetes mellitus. 
Diabetes Care. 2013;36(6):1577-1583. 

61. Goodwin GH, Johns EW. Isolation and characterisation of two calf-thymus 
chromatin non-histone proteins with high contents of acidic and basic amino acids. 
Eur J Biochem. 1973;40(1):215-219. 

62. Calogero S, Grassi F, Aguzzi A, Voigtlander T, Ferrier P, Ferrari S, Bianchi ME. 
The lack of chromosomal protein Hmg1 does not disrupt cell growth but causes lethal 
hypoglycaemia in newborn mice. Nat Genet. 1999;22(3):276-280. 

63. Kang R, Chen R, Zhang Q, Hou W, Wu S, Cao L, Huang J, Yu Y, Fan XG, Yan Z, 
Sun X, Wang H, Wang Q, Tsung A, Billiar TR, Zeh HJ, 3rd, Lotze MT, Tang D. 
HMGB1 in health and disease. Mol Aspects Med. 2014;40:1-116. 

64. Thomas JO, Stott K. H1 and HMGB1: modulators of chromatin structure. Biochem 
Soc Trans. 2012;40(2):341-346. 

65. Liu Y, Prasad R, Wilson SH. HMGB1: roles in base excision repair and related 
function. Biochim Biophys Acta. 2010;1799(1-2):119-130. 

66. Wang H, Bloom O, Zhang M, Vishnubhakat JM, Ombrellino M, Che J, Frazier A, 
Yang H, Ivanova S, Borovikova L, Manogue KR, Faist E, Abraham E, Andersson J, 
Andersson U, Molina PE, Abumrad NN, Sama A, Tracey KJ. HMG-1 as a late 
mediator of endotoxin lethality in mice. Science. 1999;285(5425):248-251. 

67. Holmlund U, Wahamaa H, Bachmayer N, Bremme K, Sverremark-Ekstrom E, 
Palmblad K. The novel inflammatory cytokine high mobility group box protein 1 
(HMGB1) is expressed by human term placenta. Immunology. 2007;122(3):430-437. 

68. Bredeson S, Papaconstantinou J, Deford JH, Kechichian T, Syed TA, Saade GR, 
Menon R. HMGB1 promotes a p38MAPK associated non-infectious inflammatory 
response pathway in human fetal membranes. PLoS One. 2014;9(12):e113799. 

69. Zhang J, Zhang L, Zhang S, Yu Q, Xiong F, Huang K, Wang CY, Yang P. HMGB1, 
an innate alarmin, plays a critical role in chronic inflammation of adipose tissue in 
obesity. Mol Cell Endocrinol. 2017;454:103-111. 

70. Monden M, Koyama H, Otsuka Y, Morioka T, Mori K, Shoji T, Mima Y, Motoyama 
K, Fukumoto S, Shioi A, Emoto M, Yamamoto Y, Yamamoto H, Nishizawa Y, 
Kurajoh M, Yamamoto T, Inaba M. Receptor for advanced glycation end products 
regulates adipocyte hypertrophy and insulin sensitivity in mice: involvement of Toll-
like receptor 2. Diabetes. 2013;62(2):478-489. 



	 62	

71. Yang H, Wang H, Czura CJ, Tracey KJ. The cytokine activity of HMGB1. J Leukoc 
Biol. 2005;78(1):1-8. 

72. Skrha J, Jr., Kalousova M, Svarcova J, Muravska A, Kvasnicka J, Landova L, Zima 
T, Skrha J. Relationship of soluble RAGE and RAGE ligands HMGB1 and EN-
RAGE to endothelial dysfunction in type 1 and type 2 diabetes mellitus. Exp Clin 
Endocrinol Diabetes. 2012;120(5):277-281. 

73. Hagiwara S, Iwasaka H, Hasegawa A, Koga H, Noguchi T. Effects of hyperglycemia 
and insulin therapy on high mobility group box 1 in endotoxin-induced acute lung 
injury in a rat model. Crit Care Med. 2008;36(8):2407-2413. 

74. Shoelson SE, Herrero L, Naaz A. Obesity, inflammation, and insulin resistance. 
Gastroenterology. 2007;132(6):2169-2180. 

75. Steer SA, Scarim AL, Chambers KT, Corbett JA. Interleukin-1 stimulates beta-cell 
necrosis and release of the immunological adjuvant HMGB1. PLoS Med. 
2006;3(2):e17. 

76. Lee BW, Chae HY, Kwon SJ, Park SY, Ihm J, Ihm SH. RAGE ligands induce 
apoptotic cell death of pancreatic beta-cells via oxidative stress. Int J Mol Med. 
2010;26(6):813-818. 

77. Pachydaki SI, Tari SR, Lee SE, Ma W, Tseng JJ, Sosunov AA, Cataldergirmen G, 
Scarmeas N, Caspersen C, Chang S, Schiff WM, Schmidt AM, Barile GR. 
Upregulation of RAGE and its ligands in proliferative retinal disease. Exp Eye Res. 
2006;82(5):807-815. 

78. Giacobbe A, Granese R, Grasso R, Salpietro V, Corrado F, Giorgianni G, Foti G, 
Amadore D, Triolo O, Giunta L, Di Benedetto A. Association between maternal 
serum high mobility group box 1 levels and pregnancy complicated by gestational 
diabetes mellitus. Nutr Metab Cardiovasc Dis. 2016;26(5):414-418. 

79. Delgado M, Pozo D, Ganea D. The significance of vasoactive intestinal peptide in 
immunomodulation. Pharmacol Rev. 2004;56(2):249-290. 

80. Delgado M, Ganea D. Inhibition of IFN-gamma-induced janus kinase-1-STAT1 
activation in macrophages by vasoactive intestinal peptide and pituitary adenylate 
cyclase-activating polypeptide. J Immunol. 2000;165(6):3051-3057. 

81. Gomariz RP, Martinez C, Abad C, Leceta J, Delgado M. Immunology of VIP: a 
review and therapeutical perspectives. Curr Pharm Des. 2001;7(2):89-111. 

82. Sekar R, Wang L, Chow BK. Central Control of Feeding Behavior by the Secretin, 
PACAP, and Glucagon Family of Peptides. Front Endocrinol (Lausanne). 
2017;8:18. 

83. Giordanetto F, Revell JD, Knerr L, Hostettler M, Paunovic A, Priest C, Janefeldt A, 
Gill A. Stapled Vasoactive Intestinal Peptide (VIP) Derivatives Improve VPAC2 
Agonism and Glucose-Dependent Insulin Secretion. ACS Med Chem Lett. 
2013;4(12):1163-1168. 

84. Ramhorst R, Calo G, Paparini D, Vota D, Hauk V, Gallino L, Merech F, Grasso E, 
Leiros CP. Control of the inflammatory response during pregnancy: potential role of 
VIP as a regulatory peptide. Ann N Y Acad Sci. 2019;1437(1):15-21. 

85. Winzell MS, Ahren B. Role of VIP and PACAP in islet function. Peptides. 
2007;28(9):1805-1813. 

86. Sanlioglu AD, Karacay B, Balci MK, Griffith TS, Sanlioglu S. Therapeutic potential 
of VIP vs PACAP in diabetes. J Mol Endocrinol. 2012;49(3):R157-167. 

87. Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat Rev 
Immunol. 2011;11(2):98-107. 

88. Tavaglione F, Filardi T, Fallarino M, Mandosi E, Turinese I, Rossetti M, Lenzi A, 
Morano S. The SNP rs9677 of VPAC1 gene is associated with glycolipid control and 



	 63	

heart function in female patients with type 2 diabetes: A follow-up study. Nutr Metab 
Cardiovasc Dis. 2016;26(2):109-113. 

89. Paladini F, Adinolfi V, Cocco E, Ciociola E, Tamburrano G, Cascino I, Lucantoni F, 
Morano S, Sorrentino R. Gender-dependent association of type 2 diabetes with the 
vasoactive intestinal peptide receptor 1. Gene. 2012;493(2):278-281. 

90. Abell SK, De Courten B, Boyle JA, Teede HJ. Inflammatory and Other Biomarkers: 
Role in Pathophysiology and Prediction of Gestational Diabetes Mellitus. Int J Mol 
Sci. 2015;16(6):13442-13473. 

91. Menon R. Human fetal membranes at term: Dead tissue or signalers of parturition? 
Placenta. 2016;44:1-5. 

92. Zenerino C, Nuzzo AM, Giuffrida D, Biolcati M, Zicari A, Todros T, Rolfo A. The 
HMGB1/RAGE Pro-Inflammatory Axis in the Human Placenta: Modulating Effect 
of Low Molecular Weight Heparin. Molecules. 2017;22(11). 

93. Nativel B, Marimoutou M, Thon-Hon VG, Gunasekaran MK, Andries J, Stanislas 
G, Planesse C, Da Silva CR, Cesari M, Iwema T, Gasque P, Viranaicken W. Soluble 
HMGB1 is a novel adipokine stimulating IL-6 secretion through RAGE receptor in 
SW872 preadipocyte cell line: contribution to chronic inflammation in fat tissue. 
PLoS One. 2013;8(9):e76039. 

94. Fraccaroli L, Alfieri J, Larocca L, Calafat M, Roca V, Lombardi E, Ramhorst R, 
Leiros CP. VIP modulates the pro-inflammatory maternal response, inducing 
tolerance to trophoblast cells. Br J Pharmacol. 2009;156(1):116-126. 

95. Yamamoto Y, Yamamoto H. RAGE-Mediated Inflammation, Type 2 Diabetes, and 
Diabetic Vascular Complication. Front Endocrinol (Lausanne). 2013;4:105. 

96. Vu JP, Larauche M, Flores M, Luong L, Norris J, Oh S, Liang LJ, Waschek J, 
Pisegna JR, Germano PM. Regulation of Appetite, Body Composition, and 
Metabolic Hormones by Vasoactive Intestinal Polypeptide (VIP). J Mol Neurosci. 
2015;56(2):377-387. 

97. Herrera E, Desoye G. Maternal and fetal lipid metabolism under normal and 
gestational diabetic conditions. Horm Mol Biol Clin Investig. 2016;26(2):109-127. 

98. Akesson L, Ahren B, Edgren G, Degerman E. VPAC2-R mediates the lipolytic 
effects of pituitary adenylate cyclase-activating polypeptide/vasoactive intestinal 
polypeptide in primary rat adipocytes. Endocrinology. 2005;146(2):744-750. 

99. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol. 
2014;15(8):509-524. 

100. Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic 
gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell. 
1993;75(5):855-862. 

101. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to lin-14. Cell. 1993;75(5):843-854. 

102. Treiber T, Treiber N, Meister G. Regulation of microRNA biogenesis and its 
crosstalk with other cellular pathways. Nat Rev Mol Cell Biol. 2019;20(1):5-20. 

103. Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA sequences 
to function. Nucleic Acids Res. 2019;47(D1):D155-D162. 

104. Peng Y, Croce CM. The role of MicroRNAs in human cancer. Signal Transduct 
Target Ther. 2016;1:15004. 

105. Soifer HS, Rossi JJ, Saetrom P. MicroRNAs in disease and potential therapeutic 
applications. Mol Ther. 2007;15(12):2070-2079. 

106. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, Bartel DP, 
Linsley PS, Johnson JM. Microarray analysis shows that some microRNAs 
downregulate large numbers of target mRNAs. Nature. 2005;433(7027):769-773. 



	 64	

107. O'Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA Biogenesis, 
Mechanisms of Actions, and Circulation. Front Endocrinol (Lausanne). 2018;9:402. 

108. Chen X, Liang H, Zhang J, Zen K, Zhang CY. Secreted microRNAs: a new form of 
intercellular communication. Trends Cell Biol. 2012;22(3):125-132. 

109. Guarino E, Delli Poggi C, Grieco GE, Cenci V, Ceccarelli E, Crisci I, Sebastiani G, 
Dotta F. Circulating MicroRNAs as Biomarkers of Gestational Diabetes Mellitus: 
Updates and Perspectives. Int J Endocrinol. 2018;2018:6380463. 

110. Creemers EE, Tijsen AJ, Pinto YM. Circulating microRNAs: novel biomarkers and 
extracellular communicators in cardiovascular disease? Circ Res. 2012;110(3):483-
495. 

111. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic 
exchange between cells. Nat Cell Biol. 2007;9(6):654-659. 

112. Guay C, Regazzi R. Circulating microRNAs as novel biomarkers for diabetes 
mellitus. Nat Rev Endocrinol. 2013;9(9):513-521. 

113. Faruq O, Vecchione A. microRNA: Diagnostic Perspective. Front Med (Lausanne). 
2015;2:51. 

114. Filardi T, Catanzaro G, Mardente S, Zicari A, Santangelo C, Lenzi A, Morano S, 
Ferretti E. Non-Coding RNA: Role in Gestational Diabetes Pathophysiology and 
Complications. Int J Mol Sci. 2020;21(11). 

115. Cai M, Kolluru GK, Ahmed A. Small Molecule, Big Prospects: MicroRNA in 
Pregnancy and Its Complications. J Pregnancy. 2017;2017:6972732. 

116. Cao JL, Zhang L, Li J, Tian S, Lv XD, Wang XQ, Su X, Li Y, Hu Y, Ma X, Xia HF. 
Up-regulation of miR-98 and unraveling regulatory mechanisms in gestational 
diabetes mellitus. Sci Rep. 2016;6:32268. 

117. Grygiel-Gorniak B. Peroxisome proliferator-activated receptors and their ligands: 
nutritional and clinical implications--a review. Nutr J. 2014;13:17. 

118. Nair S, Jayabalan N, Guanzon D, Palma C, Scholz-Romero K, Elfeky O, Zuniga F, 
Ormazabal V, Diaz E, Rice GE, Duncombe G, Jansson T, McIntyre HD, Lappas M, 
Salomon C. Human placental exosomes in gestational diabetes mellitus carry a 
specific set of miRNAs associated with skeletal muscle insulin sensitivity. Clin Sci 
(Lond). 2018;132(22):2451-2467. 

119. Zhao C, Zhang T, Shi Z, Ding H, Ling X. MicroRNA-518d regulates PPARalpha 
protein expression in the placentas of females with gestational diabetes mellitus. Mol 
Med Rep. 2014;9(6):2085-2090. 

120. Shi Z, Zhao C, Guo X, Ding H, Cui Y, Shen R, Liu J. Differential expression of 
microRNAs in omental adipose tissue from gestational diabetes mellitus subjects 
reveals miR-222 as a regulator of ERalpha expression in estrogen-induced insulin 
resistance. Endocrinology. 2014;155(5):1982-1990. 

121. Tang L, Li P, Li L. Whole transcriptome expression profiles in placenta samples 
from women with gestational diabetes mellitus. J Diabetes Investig. 2020. 

122. Sebastiani G, Guarino E, Grieco GE, Formichi C, Delli Poggi C, Ceccarelli E, Dotta 
F. Circulating microRNA (miRNA) Expression Profiling in Plasma of Patients with 
Gestational Diabetes Mellitus Reveals Upregulation of miRNA miR-330-3p. Front 
Endocrinol (Lausanne). 2017;8:345. 

123. Mi Y, Guo N, He T, Ji J, Li Z, Huang P. miR-410 enhanced hESC-derived pancreatic 
endoderm transplant to alleviate gestational diabetes mellitus. J Mol Endocrinol. 
2015;55(3):219-229. 



	 65	

124. Li L, Wang S, Li H, Wan J, Zhou Q, Zhou Y, Zhang C. microRNA-96 protects 
pancreatic beta-cell function by targeting PAK1 in gestational diabetes mellitus. 
Biofactors. 2018;44(6):539-547. 

125. Knofler M, Pollheimer J. Human placental trophoblast invasion and differentiation: 
a particular focus on Wnt signaling. Front Genet. 2013;4:190. 

126. Peng HY, Li MQ, Li HP. High glucose suppresses the viability and proliferation of 
HTR8/SVneo cells through regulation of the miR137/PRKAA1/IL6 axis. Int J Mol 
Med. 2018;42(2):799-810. 

127. Zeng XC, Liu FQ, Yan R, Yi HM, Zhang T, Wang GY, Li Y, Jiang N. 
Downregulation of miR-610 promotes proliferation and tumorigenicity and activates 
Wnt/beta-catenin signaling in human hepatocellular carcinoma. Mol Cancer. 
2014;13:261. 

128. Forbes K, Westwood M. Maternal growth factor regulation of human placental 
development and fetal growth. J Endocrinol. 2010;207(1):1-16. 

129. Scifres CM, Nelson DM. Intrauterine growth restriction, human placental 
development and trophoblast cell death. J Physiol. 2009;587(Pt 14):3453-3458. 

130. Li J, Song L, Zhou L, Wu J, Sheng C, Chen H, Liu Y, Gao S, Huang W. A MicroRNA 
Signature in Gestational Diabetes Mellitus Associated with Risk of Macrosomia. 
Cell Physiol Biochem. 2015;37(1):243-252. 

131. Lamadrid-Romero M, Solis KH, Cruz-Resendiz MS, Perez JE, Diaz NF, Flores-
Herrera H, Garcia-Lopez G, Perichart O, Reyes-Munoz E, Arenas-Huertero F, 
Eguia-Aguilar P, Molina-Hernandez A. Central nervous system development-related 
microRNAs levels increase in the serum of gestational diabetic women during the 
first trimester of pregnancy. Neurosci Res. 2018;130:8-22. 

132. Lehnen H, Zechner U, Haaf T. Epigenetics of gestational diabetes mellitus and 
offspring health: the time for action is in early stages of life. Mol Hum Reprod. 
2013;19(7):415-422. 

133. Fornes D, White V, Higa R, Heinecke F, Capobianco E, Jawerbaum A. Sex-
dependent changes in lipid metabolism, PPAR pathways and microRNAs that target 
PPARs in the fetal liver of rats with gestational diabetes. Mol Cell Endocrinol. 
2018;461:12-21. 

134. Houshmand-Oeregaard A, Schrolkamp M, Kelstrup L, Hansen NS, Hjort L, Thuesen 
ACB, Broholm C, Mathiesen ER, Clausen TD, Vaag A, Damm P. Increased 
expression of microRNA-15a and microRNA-15b in skeletal muscle from adult 
offspring of women with diabetes in pregnancy. Hum Mol Genet. 2018;27(10):1763-
1771. 

135. Rippo MR, Olivieri F, Monsurro V, Prattichizzo F, Albertini MC, Procopio AD. 
MitomiRs in human inflamm-aging: a hypothesis involving miR-181a, miR-34a and 
miR-146a. Exp Gerontol. 2014;56:154-163. 

136. Strutz J, Cvitic S, Hackl H, Kashofer K, Appel HM, Thuringer A, Desoye G, 
Koolwijk P, Hiden U. Gestational diabetes alters microRNA signatures in human 
feto-placental endothelial cells depending on fetal sex. Clin Sci (Lond). 
2018;132(22):2437-2449. 

137. Tryggestad JB, Vishwanath A, Jiang S, Mallappa A, Teague AM, Takahashi Y, 
Thompson DM, Chernausek SD. Influence of gestational diabetes mellitus on human 
umbilical vein endothelial cell miRNA. Clin Sci (Lond). 2016;130(21):1955-1967. 

138. Cao YL, Jia YJ, Xing BH, Shi DD, Dong XJ. Plasma microRNA-16-5p, -17-5p and 
-20a-5p: Novel diagnostic biomarkers for gestational diabetes mellitus. J Obstet 
Gynaecol Res. 2017;43(6):974-981. 



	 66	

139. Wander PL, Boyko EJ, Hevner K, Parikh VJ, Tadesse MG, Sorensen TK, Williams 
MA, Enquobahrie DA. Circulating early- and mid-pregnancy microRNAs and risk 
of gestational diabetes. Diabetes Res Clin Pract. 2017;132:1-9. 

140. Zhu Y, Tian F, Li H, Zhou Y, Lu J, Ge Q. Profiling maternal plasma microRNA 
expression in early pregnancy to predict gestational diabetes mellitus. Int J Gynaecol 
Obstet. 2015;130(1):49-53. 

141. Tagoma A, Alnek K, Kirss A, Uibo R, Haller-Kikkatalo K. MicroRNA profiling of 
second trimester maternal plasma shows upregulation of miR-195-5p in patients with 
gestational diabetes. Gene. 2018;672:137-142. 

142. Zhao C, Dong J, Jiang T, Shi Z, Yu B, Zhu Y, Chen D, Xu J, Huo R, Dai J, Xia Y, 
Pan S, Hu Z, Sha J. Early second-trimester serum miRNA profiling predicts 
gestational diabetes mellitus. PLoS One. 2011;6(8):e23925. 

143. Pheiffer C, Dias S, Rheeder P, Adam S. Decreased Expression of Circulating miR-
20a-5p in South African Women with Gestational Diabetes Mellitus. Mol Diagn 
Ther. 2018;22(3):345-352. 

144. Yoffe L, Polsky A, Gilam A, Raff C, Mecacci F, Ognibene A, Crispi F, Gratacos E, 
Kanety H, Mazaki-Tovi S, Shomron N, Hod M. Early diagnosis of gestational 
diabetes mellitus using circulating microRNAs. Eur J Endocrinol. 2019;181(5):565-
577. 

145. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and 
friends. J Cell Biol. 2013;200(4):373-383. 

146. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular interactions 
of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol. 2014;30:255-
289. 

147. Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesicle formation during 
reticulocyte maturation. Association of plasma membrane activities with released 
vesicles (exosomes). J Biol Chem. 1987;262(19):9412-9420. 

148. Gandham S, Su X, Wood J, Nocera AL, Alli SC, Milane L, Zimmerman A, Amiji 
M, Ivanov AR. Technologies and Standardization in Research on Extracellular 
Vesicles. Trends Biotechnol. 2020. 

149. Mitchell MD, Peiris HN, Kobayashi M, Koh YQ, Duncombe G, Illanes SE, Rice GE, 
Salomon C. Placental exosomes in normal and complicated pregnancy. Am J Obstet 
Gynecol. 2015;213(4 Suppl):S173-181. 

150. Mincheva-Nilsson L, Baranov V. Placenta-derived exosomes and 
syncytiotrophoblast microparticles and their role in human reproduction: immune 
modulation for pregnancy success. Am J Reprod Immunol. 2014;72(5):440-457. 

151. Pegtel DM, van de Garde MD, Middeldorp JM. Viral miRNAs exploiting the 
endosomal-exosomal pathway for intercellular cross-talk and immune evasion. 
Biochim Biophys Acta. 2011;1809(11-12):715-721. 

152. Kobayashi M, Salomon C, Tapia J, Illanes SE, Mitchell MD, Rice GE. Ovarian 
cancer cell invasiveness is associated with discordant exosomal sequestration of Let-
7 miRNA and miR-200. J Transl Med. 2014;12:4. 

153. Salomon C, Rice GE. Role of Exosomes in Placental Homeostasis and Pregnancy 
Disorders. Prog Mol Biol Transl Sci. 2017;145:163-179. 

154. Sabapatha A, Gercel-Taylor C, Taylor DD. Specific isolation of placenta-derived 
exosomes from the circulation of pregnant women and their immunoregulatory 
consequences. Am J Reprod Immunol. 2006;56(5-6):345-355. 

155. Sarker S, Scholz-Romero K, Perez A, Illanes SE, Mitchell MD, Rice GE, Salomon 
C. Placenta-derived exosomes continuously increase in maternal circulation over the 
first trimester of pregnancy. J Transl Med. 2014;12:204. 



	 67	

156. Salomon C, Torres MJ, Kobayashi M, Scholz-Romero K, Sobrevia L, Dobierzewska 
A, Illanes SE, Mitchell MD, Rice GE. A gestational profile of placental exosomes in 
maternal plasma and their effects on endothelial cell migration. PLoS One. 
2014;9(6):e98667. 

157. Nardi Fda S, Michelon TF, Neumann J, Manvailer LF, Wagner B, Horn PA, Bicalho 
Mda G, Rebmann V. High levels of circulating extracellular vesicles with altered 
expression and function during pregnancy. Immunobiology. 2016;221(7):753-760. 

158. Rice GE, Scholz-Romero K, Sweeney E, Peiris H, Kobayashi M, Duncombe G, 
Mitchell MD, Salomon C. The Effect of Glucose on the Release and Bioactivity of 
Exosomes From First Trimester Trophoblast Cells. J Clin Endocrinol Metab. 
2015;100(10):E1280-1288. 

159. Salomon C, Scholz-Romero K, Sarker S, Sweeney E, Kobayashi M, Correa P, Longo 
S, Duncombe G, Mitchell MD, Rice GE, Illanes SE. Gestational Diabetes Mellitus 
Is Associated With Changes in the Concentration and Bioactivity of Placenta-
Derived Exosomes in Maternal Circulation Across Gestation. Diabetes. 
2016;65(3):598-609. 

160. Elfeky O, Longo S, Lai A, Rice GE, Salomon C. Influence of maternal BMI on the 
exosomal profile during gestation and their role on maternal systemic inflammation. 
Placenta. 2017;50:60-69. 

161. Kuzmicki M, Telejko B, Zonenberg A, Szamatowicz J, Kretowski A, Nikolajuk A, 
Laudanski P, Gorska M. Circulating pro- and anti-inflammatory cytokines in Polish 
women with gestational diabetes. Horm Metab Res. 2008;40(8):556-560. 

162. Shanmugam N, Reddy MA, Guha M, Natarajan R. High glucose-induced expression 
of proinflammatory cytokine and chemokine genes in monocytic cells. Diabetes. 
2003;52(5):1256-1264. 

163. Annicotte JS, Blanchet E, Chavey C, Iankova I, Costes S, Assou S, Teyssier J, Dalle 
S, Sardet C, Fajas L. The CDK4-pRB-E2F1 pathway controls insulin secretion. Nat 
Cell Biol. 2009;11(8):1017-1023. 

164. Matsumoto M, Han S, Kitamura T, Accili D. Dual role of transcription factor FoxO1 
in controlling hepatic insulin sensitivity and lipid metabolism. J Clin Invest. 
2006;116(9):2464-2472. 

165. Cheng L, Sharples RA, Scicluna BJ, Hill AF. Exosomes provide a protective and 
enriched source of miRNA for biomarker profiling compared to intracellular and 
cell-free blood. J Extracell Vesicles. 2014;3. 

166. Herrera-Van Oostdam AS, Toro-Ortiz JC, Lopez JA, Noyola DE, Garcia-Lopez DA, 
Duran-Figueroa NV, Martinez-Martinez E, Portales-Perez DP, Salgado-Bustamante 
M, Lopez-Hernandez Y. Placental exosomes isolated from urine of patients with 
gestational diabetes exhibit a differential profile expression of microRNAs across 
gestation. Int J Mol Med. 2020;46(2):546-560. 

167. Peng C, Li N, Ng YK, Zhang J, Meier F, Theis FJ, Merkenschlager M, Chen W, 
Wurst W, Prakash N. A unilateral negative feedback loop between miR-200 
microRNAs and Sox2/E2F3 controls neural progenitor cell-cycle exit and 
differentiation. J Neurosci. 2012;32(38):13292-13308. 

168. Morante J, Vallejo DM, Desplan C, Dominguez M. Conserved miR-8/miR-200 
defines a glial niche that controls neuroepithelial expansion and neuroblast transition. 
Dev Cell. 2013;27(2):174-187. 

169. Genini S, Guziewicz KE, Beltran WA, Aguirre GD. Altered miRNA expression in 
canine retinas during normal development and in models of retinal degeneration. 
BMC Genomics. 2014;15:172. 



	 68	

170. Accili D, Arden KC. FoxOs at the crossroads of cellular metabolism, differentiation, 
and transformation. Cell. 2004;117(4):421-426. 

171. Nakae J, Oki M, Cao Y. The FoxO transcription factors and metabolic regulation. 
FEBS Lett. 2008;582(1):54-67. 

172. Kitamura YI, Kitamura T, Kruse JP, Raum JC, Stein R, Gu W, Accili D. FoxO1 
protects against pancreatic beta cell failure through NeuroD and MafA induction. 
Cell Metab. 2005;2(3):153-163. 

173. Del Guerra S, Lupi R, Marselli L, Masini M, Bugliani M, Sbrana S, Torri S, Pollera 
M, Boggi U, Mosca F, Del Prato S, Marchetti P. Functional and molecular defects of 
pancreatic islets in human type 2 diabetes. Diabetes. 2005;54(3):727-735. 

174. Ferdous A, Morris J, Abedin MJ, Collins S, Richardson JA, Hill JA. Forkhead factor 
FoxO1 is essential for placental morphogenesis in the developing embryo. Proc Natl 
Acad Sci U S A. 2011;108(39):16307-16312. 

175. Lappas M. Forkhead box O1 (FOXO1) in pregnant human myometrial cells: a role 
as a pro-inflammatory mediator in human parturition. J Reprod Immunol. 2013;99(1-
2):24-32. 

176. Lappas M, Lim R, Riley C, Rice GE, Permezel M. Localisation and expression of 
FoxO1 proteins in human gestational tissues. Placenta. 2009;30(3):256-262. 

177. Nakae J, Cao Y, Hakuno F, Takemori H, Kawano Y, Sekioka R, Abe T, Kiyonari H, 
Tanaka T, Sakai J, Takahashi S, Itoh H. Novel repressor regulates insulin sensitivity 
through interaction with Foxo1. EMBO J. 2012;31(10):2275-2295. 

178. Xu Y, Jin B, Sun L, Yang H, Cao X, Zhang G. The expression of FoxO1 in placenta 
and omental adipose tissue of gestational diabetes mellitus. Exp Clin Endocrinol 
Diabetes. 2014;122(5):287-294. 

179. Zhang Y, Zhan Y, Liu D, Yu B. Inhibition of microRNA-183 expression resists 
human umbilical vascular endothelial cells injury by upregulating expression of 
IRS1. Drug Deliv. 2019;26(1):612-621. 

180. Jump DB. Fatty acid regulation of hepatic lipid metabolism. Curr Opin Clin Nutr 
Metab Care. 2011;14(2):115-120. 

181. Li X, Zhao Y, Li X, Wang Q, Ao Q, Wang X, Tian X, Tong H, Kong D, Chang S, 
Bai S, Fan J. MicroRNA-150 Modulates Adipogenic Differentiation of Adipose-
Derived Stem Cells by Targeting Notch3. Stem Cells Int. 2019;2019:2743047. 

182. Li H, Guo L, Wu Q, Lu J, Ge Q, Lu Z. A comprehensive survey of maternal plasma 
miRNAs expression profiles using high-throughput sequencing. Clin Chim Acta. 
2012;413(5-6):568-576. 

183. Ge Q, Shen Y, Tian F, Lu J, Bai Y, Lu Z. Profiling circulating microRNAs in 
maternal serum and plasma. Mol Med Rep. 2015;12(3):3323-3330. 

184. Duan M, Yao H, Hu G, Chen X, Lund AK, Buch S. HIV Tat induces expression of 
ICAM-1 in HUVECs: implications for miR-221/-222 in HIV-associated 
cardiomyopathy. PLoS One. 2013;8(3):e60170. 

185. Hu G, Gong AY, Liu J, Zhou R, Deng C, Chen XM. miR-221 suppresses ICAM-1 
translation and regulates interferon-gamma-induced ICAM-1 expression in human 
cholangiocytes. Am J Physiol Gastrointest Liver Physiol. 2010;298(4):G542-550. 

186. Diaz-Perez FI, Hiden U, Gauster M, Lang I, Konya V, Heinemann A, Logl J, Saffery 
R, Desoye G, Cvitic S. Post-transcriptional down regulation of ICAM-1 in feto-
placental endothelium in GDM. Cell Adh Migr. 2016;10(1-2):18-27. 

187. Ropero AB, Alonso-Magdalena P, Quesada I, Nadal A. The role of estrogen 
receptors in the control of energy and glucose homeostasis. Steroids. 2008;73(9-
10):874-879. 



	 69	

188. Nadal A, Alonso-Magdalena P, Soriano S, Quesada I, Ropero AB. The pancreatic 
beta-cell as a target of estrogens and xenoestrogens: Implications for blood glucose 
homeostasis and diabetes. Mol Cell Endocrinol. 2009;304(1-2):63-68. 

189. Alonso-Magdalena P, Ropero AB, Carrera MP, Cederroth CR, Baquie M, Gauthier 
BR, Nef S, Stefani E, Nadal A. Pancreatic insulin content regulation by the estrogen 
receptor ER alpha. PLoS One. 2008;3(4):e2069. 

 
 


