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Preface

Gestational diabetes mellitus is defined as diabetes diagnosed in the second or third 
trimester of pregnancy, with no evidence of pre-existing type 1 or type 2 diabetes. 
Although gestational diabetes normally disappears after delivery, this pathological 
condition may have long-term medical consequences for both mother and offspring. In 
accordance, increased risk of miscarriage, macrosomia, complications around delivery, 
and stillbirth have been clearly connected with diabetes developed during pregnancy.

Although much knowledge has been acquired regarding the prevention, diagnosis, 
implications, and management of gestational diabetes mellitus, the exact mechanisms 
of its development are still under investigation. In that way, we can recognize recent 
efforts in a deeper understanding of the adverse genetic background and the epigenetic 
modifications linked to nutritional and environmental factors in affecting hyperglycemia 
of pregnant women and future fetal metabolism.

Pharmacological and non-pharmacological treatments of gestational diabetes are aimed 
at maintaining euglycemia with regular glucose monitoring, dietary modifications, 
lifestyle changes, exercise, and appropriate pharmacotherapy.

This book provides a comprehensive overview of recent advances in gestational diabetes 
mellitus. It includes three major sections directing the reader’s attention to the etiology, 
management, and consequences of the disorder. Chapters present the latest information 
regarding biomarkers and their promising role in early detection and prevention of gesta-
tional diabetes mellitus as well as up-to-date knowledge linked to genetic and epigenetic 
factors, including gut microbiota. Improving gestational diabetes management through 
patient education, resistance training throughout pregnancy, and the prudent use of drugs 
leading to the optimal control of glucose level represent the major components of contem-
porary management of gestational diabetes mellitus. Unfortunately, despite all medical 
efforts, gestational diabetes is still connected to some major consequences that may affect 
both mothers and their offspring. Hence, the closing chapters provided pivotal informa-
tion regarding vascular injury induced by gestational diabetes mellitus and its relationship 
with fetal metabolic impairment, maternal microbiome alterations, and finally current 
data about future risks for children born to mothers with gestational diabetes. 

This book is a useful resource for both clinicians and basic investigators to further explore 
and update existing knowledge on diabetes-related to pregnancy.

We express sincere appreciation to all the chapter authors for their enthusiasm and 
expertise, as well as IntechOpen for their highly professional and unconditional support.

Dr. Miroslav Radenković
Professor,

Faculty of Medicine,
University of Belgrade,

Belgrade, Serbia
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Chapter 1

Biomarkers in GDM, Role in Early 
Detection and Prevention
Samar Banerjee

Abstract

Gestational Diabetes Mellitus (GDM) happens to be a very frequent and major 
complication of pregnancy because of higher morbidity and mortality, both for 
the mother and the baby. After delivery, GDM carries the risk of higher maternal 
morbidity due to post pregnancy obesity, development of diabetes mellitus, obesity 
and also cardiovascular diseases in significant number in both the mother and child 
for future. As per current guidelines, GDM is diagnosed at the end of the second 
trimester by elevated blood glucose values when, foetal damages by metabolic and 
epigenetic changes had already started. As a result, treatments cannot be started 
before the late second or third trimester, when the process of high risk of foetal 
morbidity and mortality has been set in. If by any method we can predict develop-
ment of GDM at earliest part of first trimester or even more overjealously, we can 
predict, before pregnancy, then and then only we can avoid many disasters induced 
by GDM. With this idea many biomarkers, both clinical and laboratory based like 
clinical, metabolic, inflammatory and genetic markers etc., related with early 
pregnancy metabolic alterations have been studied for their potential to help in the 
prediction of later pregnancy glucose intolerance. Though promises are seen with 
some biomarker-enhanced risk prediction models for GDM, but lack of external 
validation and translation into day-to-day clinical applications, cost effectiveness, 
with which they may be utilized in routine prenatal care has limited their clinical 
use. But future is very promising and incorporating the biomarkers which precede 
the onset of hyperglycaemia into a risk prediction model for GDM and may help us 
for earlier risk assessment, screening, and diagnosis of GDM and also prevention of 
its both the immediate and remote complications. This review highlights the current 
knowledge of the understanding of the candidacy and practical utility of these 
biomarkers for GDM with recommendations for further research.

Keywords: Biomarkers, gestational diabetes mellitus (GDM), macrosomia,  
foetal abnormalities

1. Introduction

Norman Freinkel once told that “No single period in human development, pro-
vides a greater potential (than pregnancy) for long – range ‘pay – off ’ via a relatively 
short – range period of enlightened metabolic manipulation”.

During pregnancy, the body systems of the woman, must support nutrient 
and oxygen supply for the proper growth and development of the foetus and 
subsequently during lactation. Inability to adopt the changes in maternal physiol-
ogy may lead to complications, such as gestational diabetes mellitus (GDM). The 
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International Association of Diabetes and Pregnancy Study Groups (IADPSG) 
shows that, GDM may complicate 15–20% pregnancies, and has increased in the last 
20 years in all ethnic groups as much as 27% [1].

GDM originates from interplay of factors like specific gene mutations, dysregu-
lation of placental hormones and β-cell injury, favored by advanced age, gyneco-
logical alterations and diabetogenic factors. GDM mostly develop after the 2nd 
trimester of pregnancy, between the 24th and the 28th week of gestation. GDM may 
precipitate serious and long-term complications for foetal and maternal health, in 
particular, metabolism and cardiovascular in nature [2].

Currently, in most cases, the diagnosis of Gestational Diabetes Mellitus (GDM) 
is done around the late phase of second trimester, which may expose the foetus to 
the hazards of intrauterine metabolic alterations and also epigenetic changes for 
the period of exposure. Many documented evidences indicate that the metabolic 
alterations may subject the new born vulnerable to many long-term pathologies. 
Detection and management of GDM in pregnancy, can reduce the frequency of 
adverse pregnancy outcome. Hence, we need to predict and identify GDM earlier in 
pregnancy even if possible before the pregnancy, in order to limit the exposure to 
impaired glucose metabolism.

American Diabetes Association (ADA) recommends initial screening for GDM 
at 24–28 weeks [3]. But Seshiah V et al. from India has detected 62.1% cases of GDM 
before 24 weeks. Moreover, if we do not test before 24 weeks, we will miss earliest 
intervention for all the cases of undetected diabetes existing before pregnancy [4].

The aim of this review was to find out the useful and possible markers or guides 
to detect GDM early in pregnancy before rise of blood sugar and if possible, even 
before pregnancy to avoid all complication for mother and child arising from effects 
of GDM on gestation.

1.1 Search strategy and selection criteria

References for this review were identified by searching PubMed, Embase for 
articles in English with no language restrictions for articles published mainly from 
2000 to 2021. The search terms used were GDM biomarkers, GDM pathogenesis, 
GDM prevention and epigenetics of GDM. The final reference list was prepared 
based on this search, supplemented with references from the authors’ own dataset.

2. Biomarkers

GDM develops when beta cell dysfunction coexists, and is complicated by further 
abnormalities in adipokine and cytokine profiles, increased free fatty acids (FFA), 
triglycerides (TG), low vitamin D and endothelial dysfunction. The identification 
of early biomarkers in pregnancy, who may develop GDM, may lead to an improved 
understanding of pathogenesis of GDM. Combination of biomarkers and different risk 
factors into a predictive model, may help in early prediction of GDM. This may also find 
out effective prevention strategies and finally can limit different complications related 
with GDM. The first-trimester biochemical predictors of GDM are shown in Table 1.

3. Epigenetic footprint

Metabolic alterations like impaired glucose control during the phase of foetal 
development, may result in functional and structural alterations in the developing 
foetus, and may result in a predispose to the development of chronic metabolic 
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diseases in future life. These alterations are actually the ‘foetal programming’ and 
may trigger epigenetic changes [5]. The epigenetic changes are considered as differ-
ent changes in the biochemical structure of DNA, which alters the gene expression 
in pregnancy as shown in Table 2.

Maternal insulin resistance can also cause insulin resistance in the foetus [6]. 
Multiple studies have correlated maternal GDM, with the development of obesity 
and T2DM in children who are eight times more prone to develop T2DM than 
non-GDM children [7, 8]. This raises the strong need for early detection of GDM 
preceding the hyperglycaemia which might avoid subsequent harm.

• Glycemic markers

 ○ Fasting glucose

 ○ Post-load glucose

 ○ Hemoglobin A1C

 ○ Serum Insulin

 ○ Tests of insulin sensitivity (HOMA, QUICKI)

• Lipid profile, with higher concentrations of total 
cholesterol and triglycerides

• Insulin resistance markers

 ○ Fasting insulin

 ○ Sex hormone-binding globulin

• Inflammatory markers

 ○ C-reactive protein

 ○ Tumor necrosis factor-alpha

 ○ IL-6

 ○ TNF-alfa

 ○ hsCRP

• Genetic markers rs7957197 (HNF1A), rs10814916 
(GLIS3), rs3802177 etc.

• Urine biomarkers: l-tryptophan, l-urobilinogen, 
ceramide (d18:0/23:0), 21-deoxycortisol, 
cucurbitacin-C, aspartame etc.

• Adipocyte-derived markers

 ○ Leptin

 ○ Adiponectin

 ○ Resistin

 ○ Visfatin

 ○ Omentin-1

 ○ Ghrelin

• Placenta-derived markers

 ○ Follistatin-like 3

 ○ Placental growth factor

 ○ Placental exosomes

 ○ afamin,

 ○ fetuin-A,

 ○ fibroblast growth factors-21/23,

 ○ ficolin-3 and follistatin,

 ○ specific micro- RNAs

• Others

 ○ Vitamin D

 ○ Glycosylated fibronectin

 ○ Soluble(pro)renin receptor

 ○ Alanine aminotransferase

 ○ Ferritin

 ○ Glucagon

 ○ PAI-1

 ○ Adipocyte fatty acid-binding protein

 ○ SNPs,

 ○ DNA methylation,

Table 1. 
Showing the first-trimester biochemical predictors of GDM.

• DNA methylation,

• Histone modification

• Non-coding RNA processes.

Table 2. 
Showing the epigenetic changes in pregnancy.
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4. Obesity, inflammation and GDM

Now a days, more and more women are becoming pregnant, being either 
overweight or obese. The obese women show a three-fold risk for developing GDM. 
The global increase in GDM at present time is largely due to the on-going pandemic 
of obesity. Obesity is related to an altered production of proinflammatory cytokines 
from the adipocytes, which may lead to a state of chronic low-grade inflammation. 
It acts upon the expression and production of different proinflammatory cytokines 
e.g., TNF-alpha and IL-6 and also many anti-inflammatory cytokines. This also pro-
duces adipokines e.g., adiponectin, visfatin and leptin etc. Adipokines can modify 
insulin secretion & sensitivity, appetite, energy control and inflammation. Sound 
relationship is evident between obesity, chronic low-grade inflammation and devel-
opment of T2DM. The normal pregnancy shows a balance between the productions 
of pro-inflammatory and anti-inflammatory cytokines.

Pregnancies in obese women, further may aggravate the proinflammatory mark-
ers and may lead to an imbalance and possible complications. It is now accepted that 
inflammation is also an associated feature of GDM [9]. During GDM, the increased 
production of proinflammatory cytokines disturbs the insulin signaling [10]. A 
down regulation of adiponectin and anti-inflammatory markers such as IL-4 and 
IL-10 and an enhanced production of proinflammatory cytokines such as IL-6 and 
TNF-α are usually observed in GDM [11].

5. Adipocyte-derived markers

5.1 Adipokines or Adiponectin’s

Adiponectin is actually an adipocyte protein and consists of anti-atherogenic, 
anti-inflammatory and also insulin-sensitizing effects [12]. Adiponectin is inversely 
correlated with the clinical conditions like hypertension, dyslipidaemia, obesity 
and also coronary artery disease. Diminished level of adiponectin are usually seen 
with an increased risk of T2DM [13]. During the normal pregnancies, adiponectin 
decrease progressively also, probably from a decrease in insulin sensitivity [14]. 
Many studies have indicated that reduced adiponectin levels during 24–28 weeks in 
GDM compared to non GDM women, probably corelate low levels of adiponectin 
with onset of insulin resistance and diminished beta cell function [15, 16]. In one 
study, adiponectin concentrations in 560 GDM patients and 781 controls revealed a 
significantly decreased adiponectin level in GDM patients vs. controls [17].

Adiponectin, an adipokine having anti-inflammatory, anti-atherosclerotic and 
insulin-sensitizing proprieties in another study, was constantly lower along the 
1st–3rd trimester of GDM gestations [18]. Hypoadiponectinemia increases the risk 
of developing GDM by 4.6 times [19], and is inversely correlated with the insulin 
resistance, BMI and leptin [20]. The ratio of plasma adiponectin and leptin (< 0.33)  
is also considered as predictor of GDM as early as the period of 6th to 14th week 
of pregnancy [21]. But probably the assessment of the high molecular weight 
oligomeric-adiponectin may give better results [22].

Recent prospective studies have addressed the role of adiponectin as a possible early 
predictor of GDM. Lower levels of adiponectin in the first trimester of pregnancy are 
associated with a greater risk for developing GDM. This suggests that a down regula-
tion of adiponectin may be a predictor of GDM [23]. In a systematic review and meta-
analysis, adiponectin had a moderate effect for predicting future GDM [24]. Again, a 
case–control study found revealed that low adiponectin levels in pre-pregnancy period 
is associated with an increased risk of 5.0-fold for developing GDM [25].



7

Biomarkers in GDM, Role in Early Detection and Prevention
DOI: http://dx.doi.org/10.5772/intechopen.100563

This association was significant even when adjustment of known risk factors for 
GDM was done. This is important as it can identify a group of high-risk women, 
who might be not detected by conventional tests. Therapy with adiponectin in ani-
mal models of obesity improves glycaemia and also can reduce hyperinsulinaemia 
without any changes in body weight [26].

To summarize, a lower level of adiponectin is seen with type 2 diabetes, obesity and 
GDM. Adiponectin may influence the pathophysiology of GDM and also be a promis-
ing predictive biomarker for identifying GDM. Subsequent research for lifestyle 
interventions or adiponectin therapy should be done to finalize the role of adiponectin 
and diagnostic ability in cases of GDM particularly during the first trimester of GDM. 
Serum adiponectin in GDM, when is below <8.9 μg/ml shows an odds ratio of 3.3.

5.2 1,5 Alfa anhydroglucitrol, SHBG

Mean value of 1,5 Alfa anhydroglucitrol level is significantly lower in those 
destined to develop GDM. In the first trimester, higher SHBG levels are indicating 
the risk of GDM but this was no longer statistically significant when BMI, ethnicity 
and family history were considered. A measurement of CRP in the first trimester is 
not a useful marker of GDM [27].

5.3 Leptin

Leptin is an adipocyte-derived hormone, mostly produced by adipocytes but 
is also produced in ovaries and the placenta. It regulates energy balance through 
hypothalamic pathways. Increased leptin is associated with weight gain, obesity and 
hyperinsulinaemia.

Leptin is a proinflammatory adipokine and participate in immune responses. 
It also affects glucose metabolism by antagonistic action on appetite and insulin 
action. In addition, it can stimulate oxidative stress, atherogenesis and arterial 
stiffness [28]. Leptin levels is detected to be significantly higher in the 2nd half of 
pregnancy in both normal and overweight women with later diagnosis of GDM 
[29]. Menon M et al. did a prospective observational study with three study groups, 
with two-time points-first and second trimester to detect gestational diabetes mel-
litus as follows: [30]

• Normal glucose tolerance (NGT)

• Gestational diabetes mellitus 1 (GDM1), OGCT done at 1st trimester patients 
diagnosed as GDM in 1st trimester

• Gestational diabetes mellitus 2 (GDM2), Repeat OGCT done at 2nd trimester 
patients diagnosed as GDM in 2nd trimester.

They found that found that out of the adipokines, leptin was found to be 
elevated in GDM2 compared to GDM1 and NGT group with a p value (0.11), 
adiponectin was reduced only in GDM1 group with p value (0.33), TNFα is almost 
the same in all the 3 study groups but IL-6 is elevated in first and second trimester 
GDM group.

Maternal leptin levels increase 2 to 3 times in pregnancy, as a placental secretion. 
Increased levels of leptin have been seen in GDM.

Inflammatory markers like IL-6 and TNF-α also are involved in the pathophysi-
ology of GDM by promoting both the chronic low-grade inflammation and also 
leptin concentrations. A prospective study detected elevated values of leptin before 
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16 weeks of conception, regardless of presence of adiposity and this was accompanied 
by an increased risk of GDM [31]. In another study leptin was increased in all preg-
nant women, but with highest concentrations in obese GDM patients [32]. But due to 
confounding effects of the measures of adiposity, current evidence is limited. Leptin 
is probably involved in the pathophysiology of GDM but is a poor predictor of GDM.

5.4 Visfatin

Visfatin an adipokine mostly secreted from visceral fat. It possesses both endo-
crine, paracrine and autocrine effects. Increased level of visfatin is noted in obesity, 
metabolic syndrome and T2DM. During pregnancy, visfatin levels increase up to 
the 2nd trimester, then they decrease and persist in lowest concentrations in the 
third trimester. During GDM, studies on visfatin levels are is inconsistent, as both 
decreased and increased levels have been reported [33].

In addition to its insulin-like properties to bind to the insulin receptor-1 and 
promotion of hypoglycaemic effects, visfatin can activate NFκB signaling and 
chemotaxis and lead to the development of insulin resistance. In fact, visfatin was 
found increased at the late 1st trimester [34], but differentially expressed at the 3rd 
trimester of GDM [35].

One study observed, visfatin was better in the prediction of GDM in the first 
trimester than CRP, IL-6, adiponectin and leptin [36]. One case–control study found 
that, visfatin in the 1st trimester was higher in GDM, but when it was added to the 
other maternal risk factors, the GDM detection rate had no improvement [37]. At 
present, findings indicate that visfatin is a potential biomarker for GDM, but we need 
further prospective studies to further asses the relationship between visfatin and GDM.

5.5 Resistin

Resistin represents an adipose-derived hormone and is expressed from mono-
cytes, macrophages and adipocytes. It is corelated with high LDL-c and pro-
inflammatory molecules and is also positively associated with adiposity. It increases 
during pregnancy, probably from weight gain. A potential link might exist between 
resistin, adiposity and insulin resistance during pregnancy, but till now, remains 
inconclusive as because of conflicting reports from case–control studies [38]. 
Resistin, is found to be reduced or unchanged during GDM [39, 40].

But, nested case–control studies, investigating resistin levels in early pregnancy, 
found no differences in resistin levels between GDM and controls (adjusted for 
BMI) [41]. Currently, there is no solid evidence that resistin is involved in the 
pathophysiology or prediction of GDM.

5.6 Omentin

Omentin-1, is an adipokine produced in non-fat cells from the adipose tissues 
(stromal vascular cells). It is involved in vascular tone relaxation due to the produc-
tion of endothelial nitric oxide and lowering of both hs-CRP and TNFα signaling 
[42]. Omentin-1 was lower at the 2nd trimester of GDM similar to adiponectin, and 
in contrast to IL-6 [43].

5.7 Ghrelin

Hungarian study reported that fasting serum ghrelin levels were lower in women 
with GDM compared to non-pregnant healthy controls and pregnant controls 
without GDM in the 1st trimester and 3rd trimester [44].
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6. Inflammatory markers

6.1 TNFα

TNFα a proinflammatory cytokine produced by monocytes and macrophages 
affects insulin sensitivity and secretion. These occurs from impairment of B-cell 
function and insulin signaling and results in insulin resistance and possibly GDM 
[45]. Multiple studies showed increased maternal TNFα levels in GDM, predomi-
nantly during late pregnancy [46]. Increased TNF-α levels in GDM than controls 
have been shown. Subgroup analysis detected this relationship to remain significant 
when they are compared with BMI-matched controls [47].

These increased levels are due to increased oxidative stress and inflammation 
arising from impaired glucose metabolism [48]. A small case–control study 0f 14 
cases and 14 controls to address the predictive value of TNFα found no differences 
between women with GDM and without [49]. In one study of GDM and controls, 
TNFα levels measured pre-gravid, at 12–14 weeks and 34–36 weeks were increased 
at 34–36 weeks of gestation. These were inversely correlated with the insulin sensi-
tivity [50]. We need more prospective studies to assess the predictive value of TNFα 
during GDM, with due adjustment for measures of adiposity.

6.2 Il-6

IL-6 is one of the proinflammatory cytokines and is increased in obesity and 
associated with indices of adiposity and insulin resistance, such as body mass index 
(BMI). The relationship between IL-6 and insulin action appears to be regulated via 
adiposity. However, in a case–control study, plasma IL-6 levels were elevated when 
adjusted for BMI in women with GDM [51].

6.3 High-sensitivity C-reactive protein (hsCRP)

Wolf and co-workers had found that the first-trimester CRP levels were signifi-
cantly raised among them who later on developed GDM than the control subjects 
(3.1 vs. 2.1 mg/L, P < 0.01) [52]. After the adjustment for age, race/ethnicity, blood 
pressure smoking, parity, and age at gestation at CRP sampling, the increased risk 
of developing GDM among women was seen in the highest tertile than the lowest 
tertile and was 3.6 times higher (95% CI: 1.2–11.4). But when adjusted for BMI, this 
relation was not seen anymore. But Berggren and co-workers examined whether 
first-trimester hs CRP could predict the third-trimester impaired glucose tolerance 
(IGT). The hs CRP was positively correlated to (hs)CRP and GDM appears to be 
partly mediated by BMI.

Another study found that elevated plasma insulin and reduced adiponectin 
levels during first trimester may improve GDM identification rates than by clini-
cal factors alone [53]. Maternal risk factors alone offer a prediction rate of 61% 
for GDM, but addition of adiponectin and SHBG, improved detection rates to 
74% [54].

7. Glycaemic markers

7.1 Serum insulin and C-peptide

O’Malley E G et al. found that, both the serum insulin and C-peptide levels in 
the third tertile were correlated with GDM development (p < 0.001 if adjusted for 
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maternal obesity). Higher values of ghrelin were showing a lower odd of develop-
ment of GDM, even after adjustment for maternal obesity. The conclusion of the 
study was though 3 of the 10 biomarkers were statistically indicating an increased 
risk of GDM, but the presence of large overlap in values between women with 
normal and abnormal glucose tolerance reflect that the biomarkers (alone or in 
combination) were not clinically helpfull [55].

7.2 Glucagon and PAI-1

Two small studies of 54 and 51 women reported higher levels of glucagon and 
PAI-1 respectively in women with GDM [56, 57].

8. Serum lipids

Li et al. compared 379 women in the first trimester who developed GDM 
subsequently with 2166 healthy women. They found that lipid profile was different 
between the groups. The GDM patients had higher concentrations of Triglyceride, 
LDL-Cholesterol and total cholesterol but lower concentrations of HDL [58]. 
The lipid values at first trimester in the cohort of Correa et al. was altered even 
when glycaemia and glycated hemoglobin were normal. The first trimester insulin 
concentration was seen to be also higher in women who developed GDM. Both 
theses indicate that there is a role of lipid metabolism in the pathogenesis of the 
disease [59].

9. Placenta-related factors

Placenta-Related Factors such as sex hormone-binding globulin, afamin, fetuin-
A, fibroblast growth factors-21/23, ficolin-3 and follistatin, or specific micro- RNAs 
may be involved in GDM progression and may help in its recognition [60].

In GDM, some adipose-derived factors such as TNFα, visfatin, omentin and 
FABP4 may be also expressed and expressed from placenta, resulting to their 
elevated plasma levels [10]. The sex hormone binding globulin (SHBG) from pla-
centa acting as a regulator of sex steroid hormones had been linked with inversely 
insulin resistance, metabolic syndrome, obesity and T2DM [61]. A lower level of 
plasma SHBG in the 1st trimester was a true biomarker for GDM [62, 63].

Nanda et al. showed reduced SHBG in parallel to adiponectin in GDM during 
11–13th week of pregnancy, in presence of previous macrosomia, BMI > 30 kg/m2, 
and family history of DM [63, 64]. Similarly, an hepatokine promoter of insulin 
resistance, known as fetuin-B, is raised at the 3rd trimester of GDM, but returns 
after delivery [65]. Again, at the late 1st trimester, a reduction of plasma fetuin-A 
levels (and elevated hs-CRP) is also noted [66].

FGF-21, responsible for browning of white adipose tissue and an upstream effec-
tor of adiponectin, was increased in GDM at the 24th week of gestation [67]. Afamin, 
a glycoprotein member of the albumin family found in liver and placenta, may be a 
first trimester biomarker for pathological glucose and lipid metabolism [68].

The decreased levels of ficolin-3 (an activator of the lectin pathway of the 
complement system expressed in liver and placenta) and the increased ratio of 
ficolin-3/adiponectin are predictive of GDM at the 16–18th week of gestation [18]. 
Follistatin, a gonadal regulator of follicular-stimulant hormone and activin-A, 
having angiogenic, anti-inflammatory and cardioprotective properties, were lower 
in the 3rd trimester of GDM pregnancy [69].
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The non-coding RNAs such as micro-RNAs (miR) can be released from placenta 
to maternal circulation as early as the 6th week of gestation and may be involved in 
placenta development, insulin signaling and cardiovascular homeostasis [70]. These 
miR can regulate trophoblasts proliferation, apoptosis, migration and invasion, and 
angiogenesis [71].

A significant downregulation of miR-29a, miR-132 and miR-222 had been 
reported in plasma at the 16th week of pregnant women who developed GDM [72]. 
Similarly, during the 7th–23rd week of gestation, elevated plasma levels of miR-
21-3p were seen with GDM [73].

9.1 Sex hormone-binding globulin (SHBG)

SHBG a glycoprotein regulates the transport of sex hormones. In vitro, this 
is a marker in insulin resistance as insulin and insulin-like growth factor inhibit 
SHBG secretion. Indeed, a relation of low levels of SHBG and T2DM has been 
observed [74]. A study found its concentrations to be significantly lower in GDM 
[75]. Moreover, women treated with insulin showed even lower SHBG levels. 
Probably SHBG may help to differentiate or predict who will require insulin 
therapy or not.

A prospective study evaluated several biomarkers before 15 weeks of gestation 
and observed that low levels of SHBG were indicating an increased risk of GDM. 
Adding hs-CRP increases the specificity to 75.46% [76]. However another prospec-
tive cross-sectional study, revealed that low levels of SHBG assessed between 13 
and 16 weeks of gestation were positively associated with the development of GDM 
(n = 30) (P < 0.01) [77]. A case–control study also found that SHBG in the non-
fasting state in first trimester had a consistent association with an increased GDM 
risk [78].

10. Other potential biomarkers

AFABP or Adipocyte fatty acid-binding protein may be one of the risk predic-
tors for cardiovascular disease, metabolic syndrome and T2DM [79]. Two studies 
have established its increased levels in GDM. Gestational diabetes mellitus causes 
changes in the concentrations of adipocyte fatty acid-binding protein and other 
adipo-cytokines in cord blood [80, 81]. Studies investigating the predictive value of 
AFABP in GDM have not been performed to date, however.

The fatty acid-binding protein 4 (FABP4) correlates with obesity markers e.g., 
fat mass and high BMI. FABP4 act on lipid and glucose metabolism via fatty acid 
transport and uptake [82]. The retinol-binding protein 4 (RBP4) is one of the 
circulating retinol transporters and id correlated with cardiometabolic markers 
in inflammatory chronic diseases like T2DM, metabolic syndrome obesity, and 
atherosclerosis process [83]. Higher levels of FABP4 can predict GDM from the 1st 
and 3rd trimester of [84, 85]. Upregulated values of plasma RBP4 in the 1st and 2nd 
trimester may modestly indicate GDM risk, especially among women with obesity 
and advanced age [18, 86].

10.1 Molecular biomarkers

Growing evidence suggests the use of SNPs, DNA methylation, and miRNAs 
as biomarkers that could help in the early detection of GDM. In presence of their 
potential, these molecular biomarkers pose several challenges that need to be 
addressed before they can become clinically applicable [87].
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Decreased levels of first trimester pregnancy-associated plasma protein A 
(PAPP-A) and increased levels of second trimester unconjugated estriol (uE3) and 
dimeric inhibin A (INH) were associated with GDM [88].

10.2 Vitamin D

Lower levels of vitamin D have been seen in both obesity and type 2 diabetes and 
also in pregnancy very often. Low levels of Vitamin D levels during first trimester 
also carry a higher risk for GDM as seen in recent meta-analyses [89]. As the 
mentioned studies all were not randomized controlled studies, we need future RCTs 
to confirm the predictive role of vitamin D [90].

10.3 Candidate proteins

Zhao et al. studied maternal blood prospectively from pregnant women at 
12–16 weeks of pregnancy. Among these, 30 women were subsequently diagnosed 
with GDM at 24 to 28 weeks and were selected as case studies along with 30 
normoglycemic women as controls. They found that, four proteins, apolipoprotein 
E, coagulation factor IX, fibrinogen alpha chain, and insulin-like growth factor-
binding protein 5, with a high sensitivity and specificity, may provide effective 
early screening for GDM. The panel of four candidate proteins could distinguish 
women subsequently developed with GDM from controls with high sensitivity and 
specificity [91].

10.4 Genetic markers

For the first time, Ding M et al. detected 8 variants to be associated with 
GDM, They are rs7957197 (HNF1A), rs3802177 (SLC30A8), rs10814916 (GLIS3), 
rs34872471 (TCF7L2), rs9379084 (RREB1), rs7903146 (TCF7L2), rs11787792 
(GPSM1) and also rs7041847 (GLIS3). They also confirmed 3 other variants e.g., 
rs1387153 (MTNR1B), rs10830963 (MTNR1B), and rs4506565 (TCF7L2), which had 
been earlier identified by them or significant association with GDM risk [92].

10.5 Urine biomarkers

The study of urine metabolome profile in GDM during the 3rd trimester found 
relation of 14 metabolites with the steroid hormone biosynthesis and tryptophan 
metabolism, which were significantly high. They are l-urobilinogen, l-tryptophan, 
21-deoxycortisol, cucurbitacin-C, ceramide (d18:0/23:0) and aspartame [93]. 
Upregulation of these pathways could aggravate insulin resistance and respond 
to oxidative stress and inflammation during GDM. Earliest at 12th–26th week of 
pregnancy, augmented levels of AHBA, 3-hydroxybutanoic acid (BHBA), valine, 
alanine, serotonin and related metabolites like l-tryptophan levels were observed in 
urine (and plasma) from GDM mothers [94].

11. Clinical prediction models incorporating biomarkers

Clinical risk prediction models’ wave has been investigated in GDM. For 
example, the development of GDM can be predicted from the ethnicity, family his-
tory, history of GDM and body mass index. One large prospective study (n = 7929), 
found that, based on BMI, ethnicity, family history of diabetes and past history of 
GDM, there was a sensitivity, specificity and AUC of 73% [66–79], 81% [80–82] 
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and 0.824 (0.793–0.855), respectively, for the identification of GDM patients who 
required insulin therapy [95].

The introduction of biomarkers if added to a set of clinical risk factors are 
supposed to increase the predication rates of GDM. In particular, low HDL choles-
terol and tissue plasminogen activator (t-PA) appeared as independent significant 
predictors of GDM. The addition of these 2 biomarkers to a group of clinical and 
demographic risk factors enhances the ROC (area under the curve) from 0.824 
to 0.861 [96]. The t-PA not only is a predictor of GDM, it is also associated with a 
higher risk of T2DM [97].

Addition of maternal adiponectin and visfatin to a bunch of maternal risk 
factors, reached a detection rate of 68% [98]. The clinical implementation of these 
multi-parametric prediction models is determined by factors like practical accept-
ability, significant reduction in adverse pregnancy outcomes and cost-effectiveness. 
But these models need prospective validation studies and also further identification 
of predictive threshold values for the said biomarkers.

12. Metabolomic profiling

In one study, women with GDM (n = 96) were matched to women with NGT 
(n = 96) by age, BMI, gravidity and parity and the levels of 91 metabolites mea-
sured. Six metabolites (anthranilic acid, alanine, glutamate, creatinine, allantoin 
and serine) were found to have significantly different levels between the two groups 
in conditional logistic regression analyses (p < 0.05). Metabolic markers identified 
as being predictive of type 2 diabetes may not have the same predictive power for 
GDM [99].

Endogenous galanin as a novel biomarker to predict gestational diabetes mellitus 
is also observed [100]. The higher level of galanin observed in GDM may represent 
an adaptation to the rise of glucose, weight, GGT associated with GDMs thriving for 
clinically useful thresholds [101].

Mean 1,5 AG levels are significantly lower in those that go on to develop GDM. 
Hs-CRP and SHBG are important early predictors of GDM. Adding SHBG to hs-
CRP improves specificity and serves good overall accuracy. Uric acid, creatinine and 
albumin have no role in GDM prediction [102].

Bivariate logistic regression analysis had shown that both adiponectin and insu-
lin highlight future development of gestational diabetes. Both of them measured 
at 11 weeks, may predict oncoming GDM. But we need further studies to assess the 
reliability of these biomarkers [103].

Placental growth factor (PLGF), a vascular endothelial growth factor-like 
protein, is highly expressed in the placenta. About three studies suggest that higher 
early pregnancy PLGF levels are associated with GDM [104–106]. Recently, ALT, 
a liver enzyme, a marker of hepatocellular damage, has been examined as a first-
trimester predictor of GDM [107].

One moderate-sized study (N = 182) showed that glycosylated fibronectin 
measured in the first trimester could predict GDM with high accuracy [108]. 
Watanabe et al. assessed the soluble (pro)renin receptor levels in 716 Japanese 
women at less than 14 weeks of gestation and found increased levels in women who 
developed subsequent GDM [109]. In a case–control study of 1000 women from the 
UK, Syngelaki et al. found that maternal serum TNF-alpha measured at 11–13 weeks 
gestation was associated with subsequent GDM [110].

Donovan et al. in their study, indicated that women diagnosed with GDM have 
lower first trimester levels of both pregnancies associated free β-hCG and plasma 
protein-A (PAPP-A) than normoglycemic pregnant women. These two markers may 
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indicate the presence of abnormal glucose metabolism at the beginning of preg-
nancy and may help for identification of future development of GDM [111].

13.  First trimester biomarkers for prediction of gestational diabetes 
mellitus

Tenenbaum-Gavish et al. in a cohort of GDM group found that, compared to 
the normal group BMI and insulin (P = 0.003) were higher (both P < 0.003). The 
soluble (s)CD163 and multiples of median values of uterine artery pulsatility index 
(UtAPI) were high (p for both <0.01) but, pregnancy associated plasma protein A, 
tumor-necrosis factor alpha and placental protein 130, were low (p for all <0.005). 
There was no significant difference between the groups in placental growth factor, 
leptin, interleukin 6, soluble mannose receptor or peptide YY. For screening GDM 
in obese pregnancy a combination of high BMI, TNFα, insulin and sCD163 reached 
an AUC of 0.95, and the detection rate of 89% with a 10% false positive rate. For 
nonobese pregnancy, the combination of TNFα, PP13,sCD163 and PAPP-A showed 
an AUC of 0.94 and the detection rate was 83% at 10% false positive rate [112].

14. Conclusion

By blood sugar estimation when GDM is diagnosed, adverse foetal changes 
have already set in. So, we will have to attempt to diagnose GDM, before the foetal 
changes take place. It would be more rewarding if we can diagnose impending GDM 
and alert the person even when she plans for pregnancy.

Different biomarkers e.g., glycemic, insulin resistance, inflammatory, adipocyte 
and placenta-derived, had been evaluated as the first-trimester predictors of GDM. 
The majority of these studies are smaller in size and was based on case–control 
designs. But some large studies of glycemic markers indicated that hemoglobin 
A1C and/or fasting glucose help in detecting women without diagnosis of previous 
diabetes and they may be benefited from early detection and treatment of GDM, 
though these observations should be confirmed by interventional studies.

The improvement of GDM development and outcomes is possible by earlier and 
more specific identification of GDM accompanied by metabolic and cardiovascular 
risks. In line with these, first or second trimester-related biomarkers seen in mater-
nal plasma like adipose tissue-derived factors like adiponectin, omentin-1, visfatin, 
fatty retinol binding-protein-4 and acid-binding protein-4 reflect correlations 
with development of GDM. In addition, placenta-related factors e.g., sex hormone-
binding globulin, afamin, fetuin-A, ficolin-3 and follistatin, fibroblast growth 
factors-21/23 and specific micro-RNAs may be important in detecting progression 
of GDM and its recognition. Finally, urinary metabolites related to non-polar 
amino-acids and ketone bodies, serotonin system, may help in completing a predic-
tive or early diagnostic group of GDM biomarkers.

To transform the observations obtained from observational studies into clinical 
practice, we need also more clinical trials or cost-effectiveness analyses of screen-
ing and treatment c.onsidering the first-trimester biochemical GDM predictors. 
Further studies should examine the first-trimester biochemical markers for adverse 
outcomes in GDM by prospective trials to find its prevention or early treatment.

GDM involves a significant proportion of pregnant women and is becoming 
more prevalent as rates of obesity rise globally. Its development and complications 
could be arrested if accurately predicted in early pregnancy even if possible before 
conception and effective interventions initiated. Many Several biomarkers have 
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been studied to understand pathogenesis of GDM, but till date none are showing 
adequate robustness to be used for clinical algorithms for prediction of GDM.

Application of the high methodologies gives novel insights about the role of 
genetic variants, metabolomics and epigenetics regarding the pathogenesis of GDM. 
This option for using a predictive model during the subclinical phase of GDM 
appears to be promising as an important arena of future research and development. 
These modern technologies are off course complex and not applicable to mass level 
screening. There are also issues related to validity across populations, reproduc-
ibility, and selectivity. We will have to find out methods with cost-effectiveness 
and universal access, otherwise the present complex biomarkers are likely to prove 
invaluable in the diagnosis of GDM.

The emerging evidences suggest that the assessment at eleven and thirteen 
weeks of gestation, should be the platform towards a new approach in antenatal 
care. The data from the maternal history should be added to the results of bio-
chemical and biophysical tests to examine the patient-specific risk related to a 
wide variety of pregnancy complications. Ideal GDM biomarkers appears to be a 
combination of several molecular biomarkers to balance the lack of sensitivity and 
specificity of individual factors. But targeted rapid technological advances will 
overcome these challenges and develop a quick, cost-effective point-of-care test that 
can accurately identify women at high risk for GDM during early pregnancy even if 
before conception.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Epigenetic: New Insight in 
Gestational Diabetes Mellitus
Maria Grazia Dalfrà, Silvia Burlina and Annunziara Lapolla

Abstract

Gestational diabetes mellitus (GDM) is the more frequent metabolic complication  
of pregnancy with a prevalence that is significantly increased in the last decade 
accounting for 12–18% of all pregnancies. Recent evidences strongly suggests that 
epigenetic profile changes could be involved in the onset of GDM and its related 
maternal and fetal complications. In particular, the unfavorable intrauterine 
environment related to hyperglycemia, a feature of GDM, has been evidenced to 
exert a negative impact on the establishment of the epigenome of the offspring. 
Furthermore the adverse in utero environment could be one of the mechanisms 
engaged in the development of adult chronic diseases. The purpose of this article is 
to review a number of published studies to fill the gap in our understanding of how 
maternal lifestyle and intrauterine environment influence molecular modifications 
in the offspring, with an emphasis on epigenetic alterations.

Keywords: gestational diabetes, epigenetic, maternal complications,  
fetal complications

1. Introduction

Gestational diabetes mellitus (GDM), defined as a glucose intolerance develop-
ing or first recognized during pregnancy that is not clearly overt diabetes [1], is 
increasingly worldwide due mainly to a rising rates of obesity [2–7].

GDM, if not properly diagnosed and/or treated can lead to adverse outcomes for 
the mother and the child both during and after pregnancy [8–10]. Of note women 
experiencing GDM and their children are at high risk to develop cardiometabolic 
diseases (type 2 diabetes, obesity, hyperlipemia, metabolic syndrome, hyperten-
sion, cardiovascular disease) later in life [8–10].

Insulin resistance and beta-cell disfunction are the main physiopathological 
mechanisms involved in GDM development [4–7]. However all the actors involved 
are not completely understood as an intricate network of metabolic pathways 
work in pregnancy complicated by GDM, that includes an abnormal expression of 
proteins involved in glucose and lipid metabolism, inflammation, oxidative stress, 
immune response, organ development, and cell death regulation. In this context 
recent studies have suggested that genetic, epigenetic and environmental factors 
contributes in GDM development [11–14], (Figure 1). In addition, the adverse 
intrauterine environment in patients with GDM could also have a negative impact 
on the establishment of the epigenomes of the offspring [15, 16].
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The purpose of this article is to review a number of published studies to fill 
the gap in our understanding how the intrauterine environment can determine 
molecular modifications in the offspring, with an emphasis on epigenetic 
alterations.

2. Epigenetic: the meaning

Epigenetic is the study of changes in gene expression caused by mechanisms not 
involving variations in DNA sequences but determining changes as DNA methyla-
tion, histone modifications, and messenger RNA (mRNA) binding by microRNAs 
(miRNAs).

The study of epigenetic modifications can therefore be useful in deepening and 
clarifying the pathogenesis of GDM as well as in the use of markers for diagnosis, 
risk prediction and follow up of different types of pathologies as GDM.

Methylation of cytosine on CpG in the DNA so determining the formation of 
methylcytosine (5-mc) is the first studied DNA modification. Methylation can 
determine an increased gene expression by silencing some repressor elements, but, 
in some regions of DNA as the promoter ones, it can reduce gene expression by 
inhibiting the activity of enhancer elements [17].

Figure 1. 
Factors contributing to GDM development.
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Histone modification can influence the gene expression by modifying the 
chromatin packing [18].

Micro RNAas are small non-coding single stranded RNAs of about 22 nucleo-
tides that are involved in post-trancriptional regulation of gene expression. It has 
been evidenced that miRNAs can affect the stability and translation of RNA [19]. 
Interestingly, some recently-identified miRNAs have been associated with insulin 
secretion, insulin resistance, and inflammation in patients affected by type 2 
diabetes [14].

3. Epigenetic and GDM

It has been demonstrated that even slight increases in glycemia can be associ-
ated with epigenetic adaptations via the so-called “metabolic memory”, and in this 
context few studies have examined the association between methylation and GDM 
development. Of note Whu and coworkers firstly identified two differently methyl-
ated genes in plasma, umbilical cord and placenta samples of pregnant women that 
develop GDM, the Hook Microtubule Tethering Protein 2 (HOOK2), and Retinol 
Dehydrogenase 12 (RDH12). HOOK2 is a protein that mediates binding to organ-
elles, and is involved in cilia morphogenesis and endocytosis. RDH12 encodes a reti-
nal reductase involved in short-chain aldehyde metabolism [20] (Tables 1 and 2).

In this frame more studies have been performed evaluating microRNA: Zhao and 
coworkers [21], evidenced that the expression of miR222, miR-132 and miR-29a was 
significantly lower in women who were diagnosed as affected by GDM at 24–28 WG 
with respect to non GDM control pregnant women. MiR-29 has a role in glucose 
homeostasis, in particular when overexpressed reduce the insulin-stimulated glu-
cose uptake and the gluconeogenesis [22]. MiR-132 is involved in the regulation of 
cytochrome P450,mediated by insulin, furthermore when its expression is reduced 
impairs the correct development of trophoblast, [14, 22].

Successively, as omental adipose tissue is known to play a role in insulin resis-
tance in GDM, the differential expression patterns of miRNAs in omental adipose 
tissues from GDM patients and pregnant women with normal glucose tolerance 
was studied [23]. MiR-222 was found to be significantly up-regulated in GDM by 
quantitative real-time PCR and its expression was related with serum estradiol 
levels, whereas the expressions of estrogen receptor (ER)-α protein and insulin-
sensitive membrane transporter glucose transporter 4 (GLUT4) protein were mark-
edly reduced. Then in order to silence miR-222 in 3 T3-L1 adipocytes the antisense 
transfection oligonucleotides of miR-222 was applied. An important increase of 
the expressions of ERα and GLUT4, the insulin-stimulated translocation of GLUT4 
from the cytoplasm to the cell membrane and of the uptake of glucose was evi-
denced in mature adipocites. On the basis of their results the authors conclude that: 
“miR-222 is a potential regulator of ERα expression in estrogen-induced insulin 
resistance in GDM and could be a candidate biomarker and therapeutic target 
for GDM”.

Cao and coworkers [24], in 85 pregnant women with GDM found that the 
relative and absolute expression of plasma microRNA-16-5p, −17-5p, −20a-5p 
were significantly upregulated, with respect to 72 pregnant women without GDM. 
During pregnancy, the expression of those microRNAs from GDM women were 
also positively correlated with insulin resistance. Furthermore, significative dif-
ferences were found in GDM women with respect to normal pregnant ones in the 
plasma levels of microRNA-16-5p, −17-5p, −20a-5p and in the areas under the curve 
(0.92, 0.88, and 0.74, respectively). The authors conclude that plasma microRNA-
16-5p, −17-5p and -20a-5p are potential diagnostic biomarkers in GDM. MiR16.5 
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is implicated in the insulin sensitivity regulation and it is upregulated in type 2 
diabetes. MiR17–5 has a role is the proliferation of smooth muscle cell. MiR20a-5p is 
upregulated in preeclampsia, a well known complication of diabetic pregnancy.

Wander and coworkers [25] analyzed the role of miRNA in women affected by 
GDM and different body mass index. MiR155-5p, and 21–3p were found positively 
associated with GDM. The miR-21-3p and miR-210-3p were positively associ-
ate only in GDM overweight/obese women. MiR-155 and MiR21–3 have a role in 
pathways that regulate cell survival, and inflammation. MiR210-3p is associated 
with angiogenesis [14].

As for histone modification, Michalczyk and coworkers [26], analyzed several 
epigenetic markers during and after pregnancy in a small, multiethnic popula-
tion. The evaluation of the proportion of total H3 histone methylated GDM 
women who developed type 2 diabetes after pregnancy showed a significantly 
lower H3K27 (50%)with respect to non-diabetic women; furthermore type2 dia-
betic women with previous GDM had also significantly lower H3K4 (75%) with 
respect to GDM with normal glucose tolerance after pregnancy. A study evaluat-
ing a large sample size for a longer post partum follow up is however necessary to 
confirm that histone methylation could be a useful predictor of type 2 diabetes in 
women with GDM.

Gene Authors

Mothers HOOK2 WHU, 2016

RDH12 Whu,2016

H3K27 Michialczy 2016

H3K4 Michialczy 2016

Placenta ADIPOQ Bouchard 2010

TNFRSF1B Cardenas 2018

LDLR Cardenas2018

BLM Cardenas 2018

PDE4B Cardenas 2018

ABCA1 Houde 2013

MEST Hajj 2018

NR3C1 Hajj 2018

Offspring NR3C1 Hajj 2018

PYGO1 Allard 2015

CLN8 Allard 2015

PRDM16 Côté 2016

BMP7 Côté 2016

PPARGC1a Côté 2016

MEST Hajj 2018

ATPSA1 Haerle 2017

NFAP4 Haerle 2017

PRKCH Haerle 2017

SLC17A Haerle 2017

Table 1. 
Gene methylation in gestational diabetes mellitus.
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4. Epigenetic and placenta

The placenta undergoes a number of structural and functional changes in 
pregnant women affected by diabetes due to the increased production of inflam-
matory cytokines determined by the high levels of maternal glucose [27]. In this 
frame, utilizing different mass spectrometry approaches - such as MALDI-MS and 
LC-MSE – in the evaluation of placental samples from women with and without 
GDM, it has been showed that if well controlled, GDM induces only minor 
changes in the placental proteome [28]. So it is of interest to verify if epigenetic 
modifications can however occur at the placental level even with relatively low 
maternal glucose levels and if the extent of these modifications is in some way 
related to glycemic levels (Tables 1 and 2).

Lesseur and coworkers investigate the relations between prepregnancy obesity 
and GDM and placental leptin DNA methylation on 535 mother-neonate enrolled 
in the Rhode Island Child health Study. The results of the study showed that 
neonates of mothers affected by GDM had higher placenta leptin methylation 
levels similar to those of the mothers with prepregnancy obesity. So maternal 
metabolic milieu before and during pregnancy can determine impairment of 
placenta methylation so contributing to the metabolic fetal programming of 
obesity [29]. These data well fit with those reported by Bouchard et al. [30]. In a 
subsequent paper Bouchard et al. [31], evaluated the possible association between 
the methylation of adiponectin gene (ADIPOQ ) in plasma cord blood and pla-
centa tissue and plasma glucose levels of pregnant women. They found low DNA 
methylation levels in the ADIPOQ promoter on the fetal side of the placenta that 
were positively related with high maternal glucose levels in the second trimester 
of pregnancy. Furthermore, the low DNA methylation levels on the maternal side 
of the placenta were also positively related to insulin resistance, assessed with the 
homeostasis model assessment method (HOMA), and to high circulating adipo-
nectin levels during pregnancy.

Furthermore, a negative correlation between DNA methylation of the ATP-
binding cassette transporter A1 (ABCA1) gene on the placenta maternal site and 
HDL and 2 hour OGTT plasma glucose was found in 26 GDM women. When look-
ing at the placenta fetal site, DNA methylation of ABCA1 was negatively associated 
with cord blood tryglicerides [32].

miRNA miRNA impaired Author

Mothers miR-132 Reduced expression Zhou et al. 2019
Zhao et al. 2011

miR29a Reduced expression Zhao et al. 2011

miR222 Reduced expression Zhao et al. 2011

miR16-5p Up-regulation Cao et al. 2017

miR17–5p Up-regulation Cao et al. 2017

miR20a-5p Up-regulation Cao et al. 2017

miR 155-5p Overexpression Wander et al. 2017

miR 21–3p Overexpression Wander et al. 2017

miR210-3p Overexpressiion Wander et al. 2017

Placenta miR98 Up-regulation Cao et al. 2016

Table 2. 
Studies assessing the role of mRNAs in gestational diabetes.
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In a well conducted study, Cao et al. aim to verify the role of miRNA-98 in 
placental tissues from GDM patients, considering that MiRNA-98 is implicated in 
the correct embryo implantation [33]. They showed that, in the placentas of GDM 
patients miR-98 is upregulated and total DNA methylation levels are reduced with 
respect to normal pregnant women. These results,considering that MiRNA-98 
regulates the Mecp2 target gene a key protein for embrio development, coud have 
important consequences for fetal growth.

More recently Cardenas and coworkers [34] conducted an elegant epigenome-
wide association study (involving 850,000 CpG sites) on samples of placenta and 
plasma glucose, and related them to 2 h post-OGTT plasma glucose levels in 448 
mother-and-infant pairs at 24–30 weeks of gestation. They found a lower DNA 
methylation of 4 CpG sites within the phosphodiesterase 4b gene that are positively 
correlated with plasma glucose at 2 h OGTT. Furthermore, a differentially methyla-
tion behavior in relation with maternal glucose was found for 3 CpG sites in the 
TNFRSF1B, LDLR and BLM.

DNA methylation correlated with expression of its respective genes in placental 
tissue at three out of four independent identified loci:PDE4B, TNFRSF1B, and 
LDLR. TNFRSF1B is involved in apoptosis, LDLR encodes a lipoprotein receptor 
that mediates LDL endocytosis in the cells, and is also expressed in the placenta. 
BLM is associated with genome stability and maintenance. So maternal glycemic 
levels during pregnancy were associated with placental DNA methylation of inflam-
matory genes, the expression of which depends on epigenetic changes.

5. Epigenetic and offspring

The Developmental Origins of Health and Disease, largely derived from the 
Barker hypothesis [16], strongly suggests that not only undernutrition but also 
overnutrition, maternal obesity and diabetes can determine chronic diseases in 
the offspring through an early exposure to a suboptimal fetal environment; in this 
context epigenetic modifications have been showed to contribute mainly to this 
(Table 1).

Hajj et al. [35], have evaluated the effect of GDM on the epigenome of the off-
spring. To reach this aim they analyzed cord blood and placental tissue from the 
newborn of GDM patients 88 of them treated with diet and 98 with insulin. The 
results of the study show meaningful lower methylation levels in GDM compared 
with pregnant women without GDM in the levels of the maternal imprinting 
MEST gene and the non-imprinting glucocorticoid receptor NR3C1 gene. It is to 
notice that these genes are associated with placental and fetal growth. Low levels 
of MEST methylation have also been found in plasma of adults with obesity with 
respect to normal-weight controls. So the intrauterine exposure to GDM has 
effects on the epigenome of the offspring, and epigenetic malprogramming of 
MEST can contribute to predisposing individuals to obesity later in life.

The effect of the exposure to maternal diabetes in utero has been investigated 
by a genome-wide methylation analysis on peripheral mononuclear cell’s DNA in 21 
healthy children of GDM mothers, by utilizing a mediation analysis [36]. A series 
of genes have been identified to be associated with cardiometabolic risk among 
that the ubiquitin proteasome system (UPS) was the most important. An increased 
methylation of PYGO1 and CLN 8 showed the most important mediation effect 
on VCAM-1 levels of the children. TheVCAM-1 protein mediates the adhesion of 
lymphocytes, monocytes, eosinophils, and basophils to vascular endothelium. It 
also functions in leukocyte-endothelial cell signal transduction, and it may play a 
role in the development of atherosclerosis.
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A 2 step epigenetic Mendelian randomization approach was used by Allard et al. 
on data of 485 mothers and their children [37]. To take into consideration maternal 
glycemia, a genetic risk score, based on 10 known genetic variant related to glyce-
mia, was firstly developed (GRs 10). The results of the study showed that an high 
GRs 10 was associated with a lower methylation of cg 12083122 that is located near 
the leptin gene. The low methylation levels at cg12083122 was associated with high 
cord leptin levels, so evidencing that maternal glycemia can influence offspring 
leptin epigenetic modulation. In this frame, to evaluate the possible relation of 
maternal hyperglycemia and DNA methylation of genes involved in brown adipose 
tissue activation, the DNA methylation levels were measured in placenta samples 
from normal and GDM women and compared to results of maternal plasma glucose 
levels. The values of maternal plasma glucose, at the second and third trimester of 
pregnancy, resulted correlated with the methylation levels of PRDM16, BMP 7 and 
PPARGC1a and with cord blood leptin levels. These results suggest that maternal 
glycemia can determine modification in genes related to obesity development in the 
offsring [38]. More recently, an Illumina 450 K methylation arrays was utilized to 
analyze genome-wide methylation patterns in fetal cord blood of pregnant women 
with and without GDM. Significant differences in methylation were found between 
the GDM patients and the normal pregnant women; furthermore, these differences 
were more significant in GDM women treated with insulin. A series of genes were 
found modified by methylation and in particular: ATPSA1, which encodes a subunit 
of mitochondrial ATP synthetase that acts also reducing mitochondrial oxidation; 
MFAP4, which is engaged in the process of cell adhesion and intercellular interac-
tion; PRKCH, a component of the protein C family engaged in numerous signaling 
pathways; and SLC17A, or sodium/phosphate cotransporter involved in hypoxia 
events. It is to emphasize that these methylation modifications even if had a small 
effect size, affects many genes/loci [39]. Furthermore, methylation that affects a 
series of genes that can impair insulin secretion and increase the risk of diabetes 
and obesity has been reported in offspring of mother affected by type 2 diabetes a 
condition that shares the same physiopathological mechanisms of GDM [40].

6. Conclusions

The studies taken into consideration made a significant contribution to the 
knowledge of the physiopathological basis of GDM and of its complications, 
however methodological problems, small sample size, different GDM diagnostic 
criteria, make difficult to have final conclusion.

Further researches with high study power need to be undertaken in order to be 
more confident on the role of epigenetic in GDM disease, bearing also in mind that 
epigenetic expression in pregnancy varies with weeks of gestation, sex of the fetus, 
ethnicity, type of sample considered. These studies must be able to determine new 
road for intervention so to reduce in GDM patients and their children the develop-
ment of the chronic metabolic diseases [41, 42].
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Chapter 3

The Interaction between the Gut 
Microbiota and Chronic Diseases
Temitope Sanusi-Olubowale

Abstract

The world is experiencing an increase in chronic diseases like diabetes, 
 inflammatory bowel diseases, cancer, cardiovascular diseases, obesity, and diabetes 
preceding disease like gestational diabetes. Most of these diseases can be prevented 
and mitigated if individuals pay attention to the causative factors. One of such 
factors is the type of microorganisms in an individual’s gut. Even though there are 
innate beneficial microorganisms in the human gut, pathogenic microorganisms 
can invade the gut, changing the inborn population of the gut microbiota. The 
changes in the gut microbiota population have been linked to several diseases. This 
chapter, therefore, describes gut microbiota and their interaction with specific dis-
eases. Also discussed in this chapter are the changes to gut microbiota composition 
that pose a risk to the host. There is substantial evidence that diseases are initiated 
or worsened with a change in the gut microbiota composition. Therefore, the gut 
microbiota plays a crucial role in individuals’ health and requires human efforts to 
keep them in the right population. Furthermore, making lifestyle changes, particu-
larly food choices and behaviors such as the misuse of medications and excessive 
alcohol consumption, should be monitored and controlled to support gut health.

Keywords: Gut microbiota, Bacteria phylum, Gestational diabetes, Chronic diseases, 
Gut dysbiosis

1. Introduction

Chronic diseases (CD) are unfavorable health statuses lasting for over one year 
or more [1, 2]. Such diseases require continual medical attention and activities 
that could mitigate the severity [1, 2]. The diseases are the leading cause of death 
and incapacity worldwide, with influences on all socio-economic setups. In 2002, 
the CD was reported as the cause of 60% of death and 43% global distress [1, 3]. 
In 2020, the cause of death through CD had risen to 73% and universal distress of 
60%, as shown in Figure 1 [3]. The cause of some of these diseases was attributed 
to different factors such as genes, poor diet, and lifestyle [1, 4]. The common CD 
includes diabetes, cancer, cardiovascular diseases, chronic pulmonary diseases, obe-
sity, arthritis, stroke, Alzheimer’s diseases, chronic kidney diseases, inflammatory 
bowel diseases, tooth decay, and epilepsy [1, 3, 5]. Some diseases are signals to the 
potential development of chronic diseases. Women who have gestational diabetes 
are at risk of developing type 2 diabetes, hypertension, cardiovascular diseases, and 
obesity, just as high blood cholesterol could be indicative of future coronary heart 
diseases, obesity, and hypertension [6, 7].
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Asides from death and health difficulties associated with CD, there are several 
negative impacts socially and economically. The family of people suffering from 
one or more CD reported increased personal life burden, financial difficulties, 
impaired social relations, and intrinsic rewards [8, 9]. Likewise, treating CD and 
helping people with such diseases significantly impact different countries’ finances. 
It has become a substantial financial burden to nations [10, 11]. In the United States 
of America, $327 billion is spent annually on medical costs for diabetes [5]. About 
$147 billion per year for the health cost of obesity, $164 billion for arthritis, $500 
billion for Alzheimer’s diseases, epilepsy takes $8.6 billion annually, and $45 billion 
is spent on annual health care for tooth decay [5]. In 2015, a forecasted percentage 
of Gross Domestic Product (GDP) loss was reported for different countries world-
wide. Brazil was expected to lose 3.21% of GDP, Canada, 0.64%, China, 3.94%, 
India, 5.05%, Nigeria, 3.07%, Russia, 12.35%, Tanzania, 4.19%, United Kingdom, 
5.18% GDP losses from death caused by diseases. In another report, the United 
States loses $1.1trillion annually from the lack of productivity of citizens living with 
CD. Reducing the rate of obesity alone in the country would increase productivity 
by $254 billion and $60 billion in reductions in treatment costs [10, 11].

With the national, family, and personal losses associated with CD, methods of 
curbing the rising rate call for more research, government and non-governmental 
initiatives, and policies [10]. One research aspect was to figure out the genesis of all 
these diseases [4, 12]. From different findings, diverse components contribute to the 
incidence of diseases or increase the risks of developing these diseases. For example, 
the cause of some of these diseases was attributed to individual genes, other influences 
such as unhealthy diet, overweight, sedentary lifestyle (lack of physical activities), and 
risk behaviors such as tobacco use and excessive alcohol were identified. One crucial 
discovery on factors contributing to disease incidence was the gut microbiota [13–15].

2. The gut microbiota

The human body consists of several microorganisms which were innately ben-
eficial to the host. These colonies of microorganisms that have settled in the human’s 
gastrointestinal tract (GIT, gut) over many years include bacteria, eukaryotes, bacte-
riophages, archaea, and fungi, and they are called the gut microbiota (GM) [13, 16]. 
The GM has evolved and established a commensal relationship with the human host 

Figure 1. 
Chart showing the rate of increase in death and distress as caused by chronic diseases.
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over many years. Hence, they are equally referred to as commensals microorganisms 
because they provide health benefits to the host while the commensals get nutrients 
from the host without harming the host [13, 16].

There are trillions of microorganisms colonizing humans, but research focuses 
on the bacteria community [17, 18]. Some years ago, scientists reported that the bac-
teria cells in the GIT are numerous, much more than the number of cells in the body. 
Some other researchers claimed that the bacterial cells in the GIT are ten times more 
than body cells [13, 19]. Recent studies, however, showed human cells and bacterial 
cells are at a ratio of 1:1 [13, 19, 20].

Humans’ GM is developed from birth [19, 21, 22]. Particularly for babies deliv-
ered vaginally, the microbiota in the mother’s cervix is passed on to the babies. 
This GM received from birth builds the first wall of defense in children, and the 
population of GM gradually changes as the child grows. In addition, gut bacteria aid 
adaptive immunity, a crucial function of the GM in the human’s body [13, 21, 22].

2.1 Functions of gut microbiota

The GM proffer benefits to the host. The first known function is to assist in 
building immunity after birth. The GM has other functions in the body; they 
contribute advantages anatomically, physiologically, and immunologically [19, 23].

2.1.1 Anatomical and physiological functions

The GM is known for the breakdown of carbohydrates, particularly the indigest-
ible dietary fibers, like cellulose, resistant starch, pectin, oat, wheat bran, and inulin 
[24, 25]. The absorption of nutrients from dietary fiber has been associated with 
satiety feeling after eating, thus preventing overeating. The GM metabolizes protein 
by the secretion of digestive enzymes. Synthesis of vitamin K and B vitamins such 
as vitamin B12, riboflavin, niacin, and folate, and other digestive enzymes are also 
performed by GM [23, 24]. The GM also performs physiological benefits of strength-
ening the gut, shaping the intestinal epithelium, and harvesting energy [13].

Anatomically, the GM assists in maintaining the mucosal barrier’s strength by 
shaping the intestinal epithelium, thereby sustaining gut integrity. Furthermore, 
the metabolites produced during the breakdown of dietary fibers are absorbed 
by the epithelial cells to assist cell proliferation, differentiation, and apoptosis of 
harmful cells, like the cancer cells [23, 26]. The GM is sometimes called the second 
brain because of its effect on the brain. This is because the metabolites released 
during the breakdown of fibers are absorbed to support brain activities [19, 27].

2.1.2 Immunological functions

The GM provides immunity to the host by building colonization resistance, a 
situation in which the innate GM antagonizes foreign microorganisms’ colonization 
and prompts the preservation of structural and functional protective mucosal bar-
riers [14, 15]. The GM in humans also invades and takeover foreign pathogens in the 
gut [19, 21]. The metabolites produced by GM, the short-chain fatty acids (SCFAs), 
reduces the intestinal pH, thus making survival difficult for foreign microorgan-
isms [14, 15]. The functions of SCFAs will be discussed in subsequent sections of 
this chapter. In addition, the GM improves the integrity of intestinal mucosal to 
prevent invasion by foreign organisms. Another function of GM is the metabolism 
of xenobiotics [14, 15]. Xenobiotics, which are foreign materials to the bodies’ biol-
ogy, include drugs or chemicals that could be toxic [15]. Thus, the GM prevents the 
body from toxins by breaking them down from their harmful state.
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2.2 The pathogenicity of the gut microbiota

Even though gut bacteria are beneficial, they could become pathogenic in their 
interaction with changes in the host environment and vectors. For example, if 
microorganisms giving benefits to the host invades other sites they do not usually 
colonize, that change in their environment could result in them acting as pathogens 
which could cause diseases [28, 29]. Furthermore, microorganisms in the body can 
also contribute to polymicrobial infections. Polymicrobial infection occurs when 
different microorganisms in the body interact and cooperate to create diseases in the 
host [28, 29]. Therefore, treatment has to be offered to take care of all microorganisms 
contributing to the infection.

One salient way the GM becomes harmful to the body is if its population in the 
gut undergoes unusual changes due to drug use, aging, sicknesses, lifestyle, and 
unhealthy food choices. This abnormal change in the population can result in gut 
dysbiosis (GD), which would be discussed in the subsequent section. In addition, 
changes to GM populations have been related to autoimmune situations, aller-
gies, and chronic diseases. The incidence of diseases like autism, asthma, colitis, 
obesity, gestational diabetes, type 1 & 2 diabetes has been linked to GM’s activity 
in its natural state or an altered nature [19]. Studies have equally shown a disparity 
in the types of GM or their populations present in a healthy and sick adult. For 
example, the type and population of GM in people living with gestational diabetes 
and type 2 diabetes differs from individuals free from the disease [24, 30]. The 
composition and population of the GM are identified to be influenced by factors 
such as diet, feeding type, birth delivery mode, and age of hosts [30, 31].

3. Phylum of gut bacteria in human body

Researchers identified the prominent type of GM colonizing the human gut, 
which is bacteria; therefore, subsequent sections of this chapter will focus on gut 
bacteria. Recently, scientists compiled data that shows there are about 2172 species 
of microorganisms isolated from humans. These species were classified into 12 
phyla. The predominant phyla that make up about 93.5% of humans’ colonies are 
bacteria, Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes [13, 28]. 
Out of these four predominant phyla, 31·1% are phylum Firmicutes, particularly 
families Bacillaceae, 15.7%, and Clostridiaceae, 11·4% [28]. Proteobacteria occu-
pies 29.5% of GM species isolated in humans, with 20% belonging to the family 
Enterobacteriaceae. Phylum Actinobacteria constitutes 25·9% of the GM isolated in 
humans, with 24·2% identifies as family Mycobacteriaceae. Bacteroidetes amount to  
7·1% of the total species cultured from humans, and 29% of the phylum belongs 
to the family Prevotellaceae [15]. About 386 of the isolated species were identified 
to be anaerobic. Such microbiota would be found in the oral cavity and GIT – the 
mucosal regions [13].

3.1 Proteobacteria

Proteobacteria (PBAC) was initially called purple bacteria because of their red-
dish pigmentation, Figure 2. In 1988, a group of scientists studied the purple bacteria 
and their relatives. The scientists discovered that most of the bacteria and their rela-
tives were neither purple nor photosynthetic. However, the bacteria group had great 
biological significance through physiological features. Therefore, scientists named 
these groups of microorganisms PBAC [31, 33, 34]. Characteristics of PBAC are:
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• The PBAC is gram-negative bacteria with an outer membrane made up of 
lipopolysaccharides. This outer membrane makes them resistant to drugs, 
particularly antibiotics [34, 35].

• The PBAC classes, families, and genera differ in motion and metabolic activi-
ties. They have different shapes. Some have flagella, some are non-motile, 
while some perform bacteria gliding [34, 35].

• The PBAC is facultative or obligatory anaerobic. They can be chemoautotrophs 
or heterotrophic, and they are pathogens [34, 35].

• Some classes and genera are of considerable importance to medical experts, 
food industries, and scientists within this phylum. Class Gammaproteobacteria 
includes important pathogens, Salmonella, Vibrio, Pseudomonas, Escherichia, 
and Yersinia. Genera such as Helicobacter and Campylobacter from class 
Epsilonproteobacteria are common in the GIT [34].

• Proteobacteria are allied to inflammation; therefore, their population increases 
in the gut in a condition prone to inflammation [31, 36].

3.2 Actinobacteria

Actinobacteria (ABAC), another populous bacteria in the human gut, are gram-
negative bacteria and are mainly aerobic, even though some can survive under 
anaerobic conditions [37, 38]. The ABAC has other characteristics;

• The DNA of ABAC contains a high level of Guanine and Cytosine [37].

• Even though there are several genera, the pathogens that live in humans 
include Mycobacterium, Corynebacterium, Nocardia, and some species of 
Streptomyces [37, 38].

• The ABAC are secondary producers of metabolites; therefore, they are 
of interest for pharmacological and commercial purposes. The subclass 
Actinobacteridae and the order Actinomycetales are particularly of medical 
and economic benefit because their metabolites have antibiotics, particularly 
the genus Streptomyces [37, 38] (Figure 3).

Figure 2. 
Proteobacteria are called purple bacteria because of reddish pigmentation [32].
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3.3 Firmicutes

Firmicutes are gram-positive bacteria, though some have a pseudo outer 
membrane that makes them stain gram-negative [35, 40]. Phylum Firmicutes 
is notable for microorganisms that profer health benefits. Some genera of 
Firmicutes are administered as probiotics to profer gut health benefits. 
Characteristics include;

Firmicutes could be round (cocci) or rod-like (bacillus) in shape. Unlike the 
ABAC, they have a low level of Guanine and Cytosine in their DNA; they are acid-
tolerant and take part in metabolic and physiological activities [35, 40].

There are two major classes; the anaerobic Clostridia and the obligate or faculta-
tive aerobic Bacilli [35, 40]. These are notable pathogens and beneficial microorgan-
isms within this phylum. One crucial order of this phylum is the Lactobacillales 
(Lactic Acid Bacteria). Lactic acid bacteria produce lactic acid as a metabolite 
during glucose fermentation. Lactic Acid Bacteria appear everywhere in the food 
and are therefore regarded safe for consumption. In addition, they are known to 
contribute health benefits to the human gut [35, 40].

The genera for Lactic Acid Bacteria include Lactococcus, Enterococcus, and 
Streptococcus. The genus Lactobacillus (Figure 4) is the most common microbe 
used as probiotics [35, 40]. Firmicutes are either anaerobic, particularly 
Clostridia, while class Bacilli is an obligate or facultative aerobe. Therefore, 
bacteria belonging to class Bacilli would not grow or populate in an anaerobic 
environment [35, 40].

3.4 Bacteroidetes

Bacteroidetes are gram-negative, non-spore-forming, and anaerobic bacteria 
[42]. Bacteroidetes can survive in several environments, including the gut and 
skin. The class Bacteroidia is the most studied class of this phylum GM [42]. One 
common genus in this class is the Bacteroides. Bacteroides are clinically signifi-
cant and have a mutualistic relationship with the host [42, 43]. The mutualistic 
behavior of Bacteroides occurs if they are retained in the gut. Once Bacteroides 
escape their familiar environment, they become pathogenic and can cause 

Figure 3. 
Mycobacterium tuberculosis, one of the species of Actinobacteria hosted by humans [39].
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diseases such as an abscess in different parts of the body [43]. Other features of 
Bacteroides include:

• Bacteroides break down large molecules in the human guts into simpler 
molecules, while the bacteria derive their energy source from their host. The 
bacteria hence help to produce beneficial fatty acids [42, 43].

• Bacteroides prevent other pathogens from colonizing and infecting the gut of 
the host [42].

• Bacteroides have species that are highly resistant to many antibiotics [43]

4. Short-chain fatty acid producing bacteria

The GM is a balanced environment of different microorganisms such as bacte-
ria, viruses, bacteriophages, archaea, and fungi; however, the bacteria community 
preserves the homeostasis of the gut. The bacteria community contains some 
groups of gut bacteria that produce SCFAs mentioned in Section 2.1.2. These fatty 
acids include acetate, propionate, and butyrate. The SCFAs are an essential fuel for 
the intestinal epithelial cells, and they assist the gut barrier functions and sustain 
homeostasis in the intestine [23, 44].

These groups of gut bacteria ferment indigestible dietary fibers to produce 
SCFAs. Dietary fibers such as resistant starch, inulin, wheat, oat bran, cellulose, 
pectin, and Guam gum are suitable substrates for bacteria activities and fer-
mentation. Out of all prominent bacteria phylum identified in the human body, 
the Firmicutes and Bacteroidetes are more of the SCFAs producers [23, 44]. The 
acetate and propionate are produced by phylum Bacteroidetes, while the Firmicutes 
produce more of the butyrate [23, 45]. Another genus, such as Bifidobacterium, from 
phylum Actinobacteria and some Proteobacteria, could also produce butyrate. It is 
also important to note that some butyrate producers like Bacteroides are anaerobic 
bacteria and would not be active in aerobic situations; however, class Bacilli of 
Firmicutes would thrive because they are aerobes [23, 35, 46]. The aerobic environ-
ment in a human gut will suppress the growth of some butyrate-producing bacteria 
but allow the growth of aerobic pathogens like Salmonella typhimurium [23].

Figure 4. 
Lactobacillus paracasei [41].
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4.1 Functions of short-chain fatty acids in the gastrointestinal tract

1. The SCFAs control the gene expression for energy metabolism. Butyrate, in 
particular, is the primary energy source for colon cells. Therefore, SCFAs are 
involved in the energy metabolism of colon epithelial cells [23, 47, 48].

2. Propionate act as gluconeogenesis substrate in the intestine, where it can be 
oxidized to glucose. Acetate is also available in the tissues, where it can be trans-
formed to butyrate and oxidized by muscles or used for lipogenesis [27, 49].

3. The SCFAs regulate the development of organoids. Hence, a cell proliferating 
attribute. The SCFA can induce mucus-secreting cells to secrete mucus that 
protects the mucosa [23, 48].

4. The SCFAs have been identified to suppress cancer cells or causing apoptosis to 
cancer cells. In addition, they perform the antimicrobial function because they 
can disrupt the osmotic and pH balance, creating an environment not accom-
modative to other microorganisms [48].

5. The SCFAs promote epithelial barrier function by initiating genes responsible 
for tight junctions and reforming protein, increasing epithelial resistance to 
pathogen invasion [23, 48].

6. The SCFAs induce prostaglandins which have an anti-inflammatory effect, thus 
reducing the pro-inflammatory effect. In addition, it induces anti-inflammatory 
cytokines to reduce the inflammation of the gut, which has been attributed to 
the cause of the host’s susceptibility to some diseases [23, 49].

5. Interactions of gut microflora and diseases

The colonization of GM starts from childbirth; however, the composition 
starts changing based on different factors. For example, the birth delivery 
method, the mode of feeding, and the type of food offered to an infant determine 
GM’s population [14, 22, 50]. For example, researchers reported that the type 
of bacteria composition in children fed with breast milk differs from children 
fed with the formula [14, 22]. In the same way, children born via natural birth 
have different GM compositions from children born via assisted delivery, such as 
caesarian surgery [14, 22]. As infants are introduced to solid food, GM composi-
tion makes another change [14, 22]. It is also important to note that the composi-
tion of GM also differs based on the part of GIT. For instance, the types of GM in 
the colon are different from the types in the stomach. This difference is because 
of factors such as the redox condition of the different organs. Other factors are 
the pH of the organ environment, allergies, the motility of organs, secretions in 
each organ such as the gastric acid secretion of the stomach, and the undamaged 
ileocaecal valve [14, 22]. Bacteria colonizing the guts from birth are also referred 
to as commensal bacteria because they benefit the host [14, 51]. For instance, 
Bacteroidetes and Firmicutes are the major phyla involved in breaking down 
macromolecules into simpler forms, particularly the indigestible fibers. However, 
abnormal changes can occur to the GM, leading to an abnormal composition of 
bacteria. This condition can be the onset of chronic diseases such as type 1 and 
2 diabetes, obesity, cardiovascular diseases, cancer, and inflammatory bowel 
diseases [14, 52].
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Surprisingly, abnormal bacteria composition has been linked with diseases that 
are considered temporary due to physiological changes like metabolic and immu-
nological changes [7, 53]. An example is a gestational diabetes. During pregnancy, 
some women who cannot produce enough insulin develop gestational diabetes. The 
physiological changes occurring during pregnancy, such as weight gain, reduce  
the effective use of insulin, resulting in insulin resistance, as shown in Figure 5. The 
development of insulin resistance makes the body of the pregnant woman demands 
more insulin production. Even though gestational diabetes occurs late in pregnancy, 
some women experience insulin resistance before pregnancy [53, 55]. Women with 
gestational diabetes, if not well managed, might have their unborn babies at risk 
of being over 9lbs weight birth, which could bring delivery hazards to the mother. 
Also, the baby might be born earlier than anticipated, which could cause health 
problems for the baby. In addition, the baby might be born with low blood sugar. 
Women who have gestational diabetes are equally at a 40% risk of developing type 
2 diabetes. About 5 to 20% of all world pregnancies are affected by gestational dia-
betes, and the percentage is increasing [7, 53, 56]. These statistics suggest a possible 
increase in people at risk of developing or living with type 2 diabetes, one of the 
world’s major chronic diseases. Changes in the GM population are noticed in people 
who have gestational diabetes and chronic diseases. This change in population is the 
gut dysbiosis.

5.1 Gut dysbiosis

Gut dysbiosis is a condition in which there is a change in the balance of GM 
composition. Some phyla become highly populated while some reduce in popula-
tion. This condition creates abnormality in the human GIT, and the pathogenesis of 
commensals bacteria starts [52]. Most bacteria in the gut are beneficial; however, 
when the balance in population changes in these bacteria gut colonies, as shown 
in Figure 6, dysbiosis occurs [7, 52]. Some symptoms of dysbiosis are mild and 
temporary; however, leaving dysbiosis untreated could result in severe symptoms 
associated with chronic diseases [52]. Even though commensals bacteria antago-
nize invading microorganisms, sometimes foreign microorganisms can seize the 
epithelium and overthrow the commensals, destabilizing the immune response 
[52]. After that, the invading pathogens induce inflammation to which they would 
be resistant, facilitating their growth and changing the balance of commensals 
bacteria. Viruses create series of mechanisms that regulate the activities of the 

Figure 5. 
Insulin resistance during gestational diabetes [54].
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commensals, making them harmful to the host [16, 58]. Factors causing dysbiosis 
include a dietary change, chemical consumption like insecticides, alcoholism, 
improper use of medications, particularly antibiotics, poor dental hygiene, unpro-
tected sex, stress, and anxiety, psychological stress. All these factors could change 
the balance of GM. In addition, the genotype and immune metabolic functions can 
alter the population of commensal microbes [52, 59, 60].

Symptoms of dysbiosis are dependent on the location of GM imbalance devel-
opment and the types of bacteria involved. Symptoms could be gas, bloating, 
diarrhea, constipation, and cramps [52, 61]. To determine the imbalance of GM, 
most researchers make use of a human stool [52, 62]. The collected sample is then 
tested to determine the type of bacteria in the host’s body. The organic acid test is 
another test used medically to determine imbalance [52, 62]. Some bacteria produce 
organic acids as metabolites. Therefore, the concentration of the organic acid in the 
urine sample determines the host’s bacteria population. The hydrogen breath test is 
another test conducted to determine dysbiosis. In this case, gases from the mouth 
are tested for imbalance [52, 62]. Unfortunately, diseases tolerance varies in people; 
not everyone with dysbiosis shows severe symptoms that call for urgent attention 
or medical checkup, particularly at a young age. Ignoring or leaving the dysbiosis 
untreated, however, can result in many severe diseases.

5.2 Diseases associated with dysbiosis

The GM is partly responsible for the physiology of the body systems. Changes in 
the balance or population of GM have been linked to bowel diseases, allergies, and 
chronic metabolic diseases such as diabetes, obesity, cardiovascular diseases, and 
short-term disease like gestational diabetes.

5.2.1 Type 1 diabetes

According to research, Firmicutes such as Lactobacillus, Actinobacteria 
such as Bifidobacterium decreased in populations in children diagnosed with 
type 1 diabetes. In contrast, the population of Firmicutes such as Clostridium 
and Veillonella, Bacteroidetes like Bacteroides and Prevotella increased [14, 15]. 
Patients with Type 1 diabetes had low butyrate-producing and mucin degrad-
ing microbes, while pathogenic bacteria increased in population in the gut. 
Butyrate-producing bacteria and mucin degrading microbes are good for gut 
health [14, 63]. The functions of SCFAs, of which butyrate is one, are discussed 

Figure 6. 
Gut dysbiosis [57].
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in Section 4.1. Mucin degradation releases complex carbohydrates and produces 
SCFAs like acetate and propionate [64].

5.2.2 Type 2 diabetes

In patients with type 2 diabetes, Clostridia and Bacilli Firmicutes decreased 
in population while PBAC increased. Butyrate-producing microorganisms like 
Firmicutes are known to produce SCFAs. In addition, butyrate has the energy that 
provides 5–15% of the calories needed per individual daily [47, 65]. Therefore, 
Firmicutes’ absence or reduced population in type 2 diabetes could elevate the blood 
glucose level. The increase in blood glucose is because the host will seek the missing 
calories by consuming more food. Lack or low butyrate concentration could also 
reduce satiety, making the host eat more, thus raising blood glucose [30, 47, 66].

Proteobacteria, which are more dominant in type 2 diabetes, induce inflamma-
tory responses [36, 47]. An alteration in PBAC composition is common in metabolic 
syndromes causing diseases. In a study where the fecal samples of patients with 
type 2 diabetes were analyzed, a significant number of Enterobacteriaceae, a family 
from the phylum PBAC, were found [14, 31]. At the initiation of an inflammatory 
response, specific proteins are released into the bloodstream. These proteins inhibit 
insulin secretion and build insulin resistance in the body [14, 67].

5.2.3 Gestational diabetes

The profile of GM in women with gestational diabetes is similar to patients 
who have type 2 diabetes [53, 68]. In a study to determine the onset of dysbiosis 
in pregnant women, GM was typical in pregnant women in their first semester 
trimester. However, by the third trimester, the population of Proteobacteria 
and Actinobacteria increased while butyrate-producing microorganisms like 
Faecalibacterium and Eubacterium from phylum Firmicutes reduced. In addition, 
the Enterobacteriaceae family and Streptococcus were also numerous. Even though 
scientists observed Bacteroidetes and Firmicutes throughout all three trimesters 
of the pregnancy [68, 69]; however, the strong negative relationship between 
Bacteroidetes and Firmicutes phyla in healthy pregnant women was missing in 
women with gestational diabetes [7].

Most of the GM reduced were SCFA producing bacteria. The absence of these 
bacteria in pregnant women reduced the physiological function of the intestine. The 
gut permeability was not regulated, insulin sensitivity was reduced, inflammatory 
response that can lessen the development of diabetes was equally reduced [7]. Gut 
dysbiosis could be a biomarker for gestational diabetes, and a test of dysbiosis could 
be early detection before the pregnancy reaches the third trimester [7]. Changes in the 
GM population was associated with diet and weight gain during pregnancy [53, 68].

5.2.4 Inflammatory bowel disease

The two major bowel diseases associated with dysbiosis are Crohn’s disease and 
ulcerative colitis [14, 15, 23]. In patients with Crohn’s disease, the composition of 
GM was different from healthy individuals. Bacteria belonging to Firmicutes and 
Actinobacteria were decreased, some of which had a probiotic effect, while PBAC 
and Ruminococcus gnavus, another Firmicutes associated with inflammation, were 
increased [14, 24, 31, 70]. Increased susceptibility to Crohn’s disease is attributed 
to a lack of the production of SCFAs. The PBAC is signaled as a pointer to instabil-
ity in the microbiota. Therefore, an increase in the PBAC population is found in 
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people with IBD disease. Even though the exact reason for the increase in PBAC is 
unknown, it is hypothesized that PBAC, with its inflammatory effect, creates anaer-
obic conditions in the gut. The beta-oxidation process reduces when proinflam-
mation occurs. Therefore, anaerobic conditions contribute to the growth of PBAC, 
which are facultative anaerobe, thereby allowing dysbiosis [14, 15]. Anaerobic 
conditions increase the growth of pathogenic Firmicutes but reduce the population 
of the beneficial Firmicutes, like the Lactic Acid Bacteria [35, 40]. Another IBD 
due to dysbiosis is ulcerative colitis [14, 15]. Scientists discovered that Lactobacilli 
were low in composition in patients with ulcerative colitis at an active stage, while 
the Clostridiales order of Firmicutes was more prominent. High Escherichia coli was 
equally identified in people with active ulcerative colitis. Inflammation seen in IBD 
is associated with the decreased colonization resistance [14, 15].

Inflammatory Bowel Diseases (IBD) occur when genetic and environmental 
factors encourage the growth of pathogens that can decrease the population of 
commensals, thereby causing inflammation [15]. In addition, IBD can occur when 
there is an unusual immune response against commensal bacteria. For example, 
sometimes immune cells such as macrophages could not recognize GM and trigger 
an immune response which attacks the intestinal wall [15]. Hence, Firmicutes and 
Bacteroidetes decrease while PBAC increases.

5.2.5 Obesity

When the GM composition of healthy and patients with obesity were compared, 
anaerobic Firmicutes and Proteobacteria were increased in the fecal samples of 
patients. At the same time, Bacteroidetes decreased compared to a healthy individ-
ual. The high ratio of Firmicutes and Bacteroidetes has been linked to obesity [14, 
71]. A significant increase in Enterobacteriaceae, PBAC family, was equally found in 
patients with obesity. This population of PBAC family reduced after the patient lost 
weight [31]. In a study on mice, a toll-like receptor 5, a sensor that detects microbial 
infection to initiate an immune response, was deficient when fed with a high-fat 
diet. The masking of toll-like receptor 5 concealed the changes occurring in the GM, 
and the body could not produce an immune response to fight the strange invading 
organisms [51, 72]. Deficiency of this receptor has been linked to hypertension, 
insulin resistance, and weight gain, though the exact reason for the masking was 
uncertain [15, 73].

5.2.6 Cardiovascular diseases

Microbiota dysbiosis was related to the development of cardiovascular diseases. 
A high level of PBAC was found in arteriosclerosis plaque, indicating PBAC has the 
pro-inflammatory effect that can cause plaque [15, 74]. In addition, some scientists 
reported that GM converts choline, an essential body nutrient, to trimethylamine, 
an organic compound. Trimethylamine is further processed in the liver to tri-
methylamine N-oxide which is known to increase arterial plaques. An increase 
in arterial plaque can cause arteriosclerosis diseases [14, 15]. In another study, 
Gammaproteobacteria, a class of PBAC, was connected with endogenous alcohol 
production linked to the cause of non-alcoholic fatty liver diseases, which is associ-
ated with increased risk of cardiovascular failure incidence [75].

5.2.7 Cancer

Inflammation caused by some phylum of GM could create a grave environment for 
the development and growth of cancer cells. Even though cancer linked to microbiota 
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so far occurs in body parts that house the GM, notably the GIT, the colon [15, 76]. 
Commensals sometimes take up pathogenic features when invaded, giving them 
pathogenic effects; such commensals are called pathobionts. In a study on mice, 
pathobionts and pathogens contributed to the uncontrolled epithelial cell growth of 
the colorectal region [15]. Some scientists also suggested that some GM like Bacillus 
fragilis, a Bacteroidetes are virulent and can modify the GM to favor inflammatory 
responses. These inflammatory responses could cause alterations in the epithelial 
cells, and this could result in cancer. The inflammatory response will equally allow the 
invasion of cancer allies’ microorganisms [15, 43]. In addition, people with chronic 
inflammatory disarray have been discovered to have a high susceptibility to gastric 
cancer and cancer of the lymphatic system associated with the mucosa [76].

6. Conclusion

Research continues on how GM and its activities cause chronic diseases. From 
completed studies, it is apparent that the composition of the gut differs between 
diseased and healthy individuals. While a significant population of commensals 
and SCFAs producing bacteria reduced, the pathogenic population increased and 
influenced the commensals, making them turn against the host. Pathogens equally 
created unfavorable conditions such as inflammatory or anaerobic conditions. The 
change in the environment favored the growth of pathogens but reduced the growth 
of commensals.

To take care of gut health, the types of food consumed determines the type of GM. 
Fermentable dietary fibers such as pectin, inulin, and resistant starch undergo fermen-
tation by GM to produce 15% butyrate, 60% acetate, and 25% propionate. Butyrate 
maintains colonic homeostasis and prevents inflammation, and maintains mucosal 
integrity [44], thereby playing a role in reducing dysbiosis. Therefore, food rich in 
these fermentable dietary fibers would be suitable for gut health [25, 44]. The types 
of protein consumed matter to gut health. Animal protein fermentation decreases the 
production of SCFAs, increasing the risk of IBD [25]. However, consuming plant-
based protein is associated with an increase in beneficial GM like Bifidobacterium, 
Lactobacillus, and it increases the production of SCFA [25, 44]. High consumption 
of polyunsaturated fatty acids has been associated with an increased healthy GM 
population like Lactobacillus and Roseburia, thus increasing the production of SCFA-
butyrate [25, 44]. In contrast, high consumption of sodium and food additives such as 
sweeteners are associated with changes in the composition of GM. When food is high 
in sodium, it reduces the population of commensal microorganisms like Lactobacillus. 
Also, food additives cause a significant change in the population of the balanced gut 
system [25, 44]. What humans eat can determine gut health, and the composition of 
GM in the gut contributes to overall well-being.

Asides healthy diet, there are other ways to improve gut health. One of these 
ways is the use of probiotics as supplements. Probiotics are live microorganisms 
made into pills that profer health benefits when administered in adequate amounts. 
In addition, the use of prebiotics has equally been suggested. Prebiotics are not 
microorganisms but non-digestible substances that benefit the host by improving 
the growth and activities of selected bacteria in the gut [77–79]. Other methods are 
requiring medical experts and scientists. One is fecal microbiota transplantation, 
which involves infusing stool from a healthy donor to a recipient by delivering the 
stool through the upper GIT [80]. This method requires adequate care to ensure the 
feces transferred to other patients do not have infectious microorganisms. Other 
methods being used include phage therapy, bacteria consortium transplantation, 
and the use of predatory bacteria [81].
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Chapter 4

Improving Gestational Diabetes 
Management through Patient 
Education
Radiana Staynova and Vesselina Yanachkova

Abstract

The challenge of achieving a healthy pregnancy and a successful birth outcome 
in women with gestational diabetes mellitus (GDM) requires a multidisciplinary 
approach with close collaboration between healthcare providers. One of the key  
elements for the successful management of GDM is the education of pregnant 
women. Patient education has been shown to improve quality of life, contribute to 
better compliance, and reduce complications and healthcare costs. In this chapter, 
we will present and discuss the main barriers in the educational process of women 
with GDM and innovative approaches for improving diabetes self-management 
education during pregnancy. The focus will be on the different educational meth-
ods, such as printed leaflets and booklets, Web-based educational programs, and 
new technologies including telemedicine and smartphone applications.

Keywords: gestational diabetes, patient education, pregnancy, booklet, telemedicine

1. Introduction

Pregnancy is a specific condition that is associated with significant changes 
in the course of metabolic processes in the female body [1]. Gestational diabetes 
mellitus (GDM) is a common pregnancy complication and it was estimated that it 
affects 1 in 6 births [2]. GDM is associated with multiple adverse pregnancy out-
comes including caesarian delivery, preeclampsia, subsequent development of type 
2 diabetes, macrosomia, shoulder dystocia, neonatal hypoglycemia, and respiratory 
distress syndrome [3].

GDM can be a scary experience in the beginning, and it can take time for a preg-
nant woman to make the necessary changes to ensure optimal control. In addition 
to the potential risks it poses to the mother and fetus, GDM can also have a negative 
effect on the mental health and quality of life of pregnant women [4, 5].

In most cases, GDM is a temporary condition that usually occurs between 24 and 
28 weeks of gestation and disappears after a woman gives birth. However, its occur-
rence poses a risk in affected women for the development of type 2 diabetes in the 
future [6]. There are no generally accepted standards for diagnosing GDM, which is 
why many women do not receive the treatment they need to achieve successful birth 
outcomes [7].

Women diagnosed with GDM need detailed information and appropriate 
education on the pathophysiology of GDM, treatment options, self-management 
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(self-monitoring of blood glucose, meal planning, exercise), and possible com-
plications of this condition [8]. Education is the key element in the diabetes care 
process. It provides an opportunity for women with GDM to realize their place 
and role in the diabetes team. The main education strategy during pregnancy is 
aimed at acquiring knowledge and skills for adaptation and self-management of 
diabetes [9].

Providing education and counseling to women with GDM can sometimes face 
additional challenges and barriers [8]. For improving diabetes self-management 
education during pregnancy and overcome these challenges, innovative approaches 
can be used.

2. Diabetes education during pregnancy

Dr. Elliott P. Joslin (1869–1962) is considered to be the founder of modern  
diabetes education. As early as 1925, he conducted educational courses that 
included an explanation of the disease, insulin treatment, food intake, and physical 
activity. Dr. Joslin is also the author of the first diabetes patient handbook called 
“Diabetic Manual—for the Doctor and Patient” [10]. Part of the Joslin Clinic team 
was Dr. Priscilla White (1900–1989), who is considered a pioneer in the treatment 
of diabetes during pregnancy [11].

Pregnancy complicated by diabetes can be an adventure full of challenges. 
During this adventure, pregnant women require additional information,  
education, support, as well as appropriate treatment and practical advice for self-
management. All this requires the active involvement of the woman with GDM, 
her family, and the diabetes team. Newly diagnosed women sometimes feel scared 
and insecure about how they will deal with GDM self-management. Providing 
structured education, support, and trust-building partnership between the patient 
and a well-collaborating diabetes team is crucial to acquiring knowledge and 
skills in managing the “sweet” disease [12]. According to Okun et al., an effective 
healthcare partnership includes health providers working in concert with patients 
and family caregivers to achieve positive experience and mutually agreed-upon 
outcomes [13].

Providing diabetes education is a keystone in a comprehensive therapeutic 
approach. Patients should gain knowledge, skills, and motivation to overcome daily 
challenges associated with the disease [9, 14]. Diabetes self-management education 
in parallel with insulin discovery is considered to be one of the most important 
advances in diabetes treatment in the 20th century [9].

The education of women with GDM is very important for the normal course of 
pregnancy and avoidance of complications. If a woman has not had diabetes before 
pregnancy, she may not know how to measure and track her blood glucose levels or 
how to administer insulin.

The main goals of the education process of women with GDM include the 
following:

• Optimization of knowledge about diabetes pathophysiology, risk factors, and 
management;

• Increasing the pregnant women’s motivation to take care of themselves;

• Effective compliance with diet and performing physical activity;

• Meal planning and carbohydrate counting;
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• Instructions for administrating insulin and recommendations for dealing with 
side effects (e.g., hypoglycemia);

• Self-monitoring and tracking of blood glucose levels;

• Effective communication between members of the diabetes team;

• Prevention of type 2 diabetes later in life.

In 2017, International Diabetes Federation (IDF) developed interactive online 
courses called the IDF School of Diabetes. These educational programs consist of 
several modules that cover all aspects of diabetic care, disease management, and 
prevention. The courses are certified and end with a final exam. They are suitable 
for all health professionals involved in diabetes care, including general practitio-
ners, nurses, pharmacists, dietitians, social workers, and others. In addition to 
training, the Web site also offers access to information on the latest advances in 
diabetes therapy. The main mission of the IDF School of Diabetes is to provide 
innovative educational programs for health professionals involved in the care and 
treatment of diabetes, which in turn provide the necessary training resources to 
people with diabetes and those who care for them [15].

In Bulgaria, in 1997, a unified large-scale training program for patients with dia-
betes was introduced, supported by the Government of Denmark and the Bulgarian 
Ministry of Health. There are 56 training centers in the country—4 university cen-
ters, 48 regional centers, and 4 training centers for children with diabetes, in which 
a structured five-day training program for patients has been introduced. Initially, 
teams of doctors and nurses from the Medical Universities of Sofia, Plovdiv, Varna, 

Figure 1. 
The diabetes team involved in the educational process of woman with GDM.
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and Pleven were trained at the Steno Diabetes Center in Copenhagen, after which 
they organized the training of other teams in the country [16].

The challenge of achieving a healthy pregnancy and a successful birth outcome 
in women with GDM requires a multidisciplinary approach with close collabora-
tion between healthcare providers. The diabetes team involved in the educational 
process may include medical professionals with different specialties (Figure 1).

The education for women with GDM focuses on their needs, preferences, and 
goals, helping to increase not only the knowledge about the disease but also to 
provide skills related to self-management and treatment [17]. Patient education has 
been shown to improve quality of life, contribute to better compliance, and reduce 
complications and healthcare costs [17–20].

3. Barriers in the educational process of women with GDM

In the educational process, the diabetes team often encounters difficulties of 
different nature, which may affect both healthcare providers and pregnant women 
[14]. These difficulties or barriers could be classified as patient-related, healthcare 
provider-related, and socioeconomic or cultural barriers (Figure 2).

The most common barriers related to pregnant women include lack of 
motivation, inpatient behavior, low level of trust in healthcare providers, poor 
adherence and compliance to health advice, a tendency to deny their own role in 
the process of education, or not being willing to assist in the implementation of 
instructions and prescriptions. There may also be barriers related to healthcare 
providers such as the use of a non-motivational approach, poor communication 
skills, insufficient time, lack of special qualifications. Other barriers that may 

Figure 2. 
Possible barriers to the educational process of women with GDM.
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occur during the education process include socioeconomic factors, geographical 
factors, cultural factors, level of education of patients, poor health literacy, and 
lack of access to educational materials [14].

Different strategies could be used for overcoming barriers during the educa-
tional process. These strategies may include demonstrations, written information 
(leaflets, brochures, booklets, etc.), pictograms, audio and video materials, and 
mobile applications.

4. Printed leaflets and booklets

Verbal or oral communication is essential for the educational process, but it is 
not enough in itself. The provision of printed educational materials such as leaflets 
and booklets in addition to healthcare provider counseling makes patient education 
more effective [21]. The use of written informational materials in the educational 
process can improve the quality of life, contribute to better compliance, prevent 
complications, and reduce healthcare costs [22].

Printed leaflets and booklets must meet the basic requirements for the effective-
ness of the written educational materials in terms of content, structure, language, 
layout, and illustrations [22]. Using plain language, followed by appropriate charts, 
figures, and illustrations, is essential in the development process of printed educa-
tional materials [23]. The information included in them must be based on reliable, 
publicly available, and evidence-based literature sources. Attractive visualization is 
very important for a better understanding of the information included in the leaf-
lets/booklets [22, 24]. Printed educational materials should provide practical and 
easy-to-follow advice to help pregnant women manage their condition successfully.

Some of the diabetes associations and health organizations have developed 
informational brochures and guidelines designed especially for women with GDM. 
IDF has developed an educational manual entitled “Having a baby? Now is the 
time to learn more about gestational diabetes?” which aims to provide information 
about GDM in an easy-to-understand form for expectant mothers [25]. American 
Diabetes Association provides information on GDM on its Web site, as well as in 
the book “Pregnancy & Diabetes: A Complete Guide for Women with Gestational, 
Type 2, And Type 1 Diabetes” [26]. In the USA, The Centers for Disease Control 
and Prevention also provides a brochure about GDM and pregnancy [27]. In 
Australia, National Diabetes Services Scheme developed an educational booklet 
that provides comprehensive information on GDM management and where 
pregnant women can get additional help. In addition to the English version, the 
brochure is also available in seven other languages [28].

In Bulgaria, we developed an educational manual for healthy pregnancy 
designed for women with GDM [29]. The educational manual gives the readers 
realistic insight and practical advice on how to deal with the daily challenges of 
pregnancy with diabetes. It covers all the aspects of GDM management (medical 
nutrition therapy; recipes for healthy meals; exercise tips for pregnancy: types, 
benefits, and cautions; insulin use; self-monitoring of blood glucose; sources of 
additional information and support—mobile applications, technologies, and Web 
sites). Information about the follow-up of GDM and prevention of type 2 diabetes 
has also been included. A feedback study showed a very high level of patient satis-
faction. Pregnant women find the educational manual very useful [30].

Even in the modern digital age, written health information could play an 
important role in improving the connection between the patient and the healthcare 
provider. The provision of printed educational materials can increase patients’ health 
literacy, as well as their personal responsibility, motivation, and attitude toward their 
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own health. The development of printed educational materials about GDM may 
improve pregnant women’s knowledge, their lifestyle habits (appropriate weight gain, 
meal planning, physical activity, etc.), and regular self-monitoring of blood glucose 
(four times daily), and contribute to avoiding maternal and fetal complications.

5. Telemedicine and Web-based education

Telemedicine can be defined as a way of providing medical services remotely 
without physical contact between the healthcare provider and the patient, most 
often through a telephone conversation or video link through a platform [31]. The 
rapid development of digital technologies in recent years has turned telemedicine 
into an important component of healthcare delivery [32]. During the COVID-19 
pandemic, telemedicine allowed patients to communicate completely safely and 
effectively with their healthcare providers [33]. Diabetes care is the area where 
telemedicine finds wide application [34].

A recent systematic review evaluated the effectiveness of telemedicine interven-
tions for women with GDM. The meta-analysis included 32 randomized controlled 
trials and showed that telemedicine was associated with significant improvement in 
glycemic control (HbA1c, fasting, and postprandial blood glucose levels) and lower 
incidence of adverse pregnancy outcomes (Cesarean sections, neonatal hypoglyce-
mia, macrosomia, preterm birth) compared to standard care [35].

The use of telemedicine in the management of GDM may have notable benefits. 
More cost evaluation studies are required to confirm its cost-effectiveness.

Since the Internet is found to be the primary source of information during 
pregnancy, the use of Web-based education programs for women with GDM 
could have a beneficial effect on diabetes self-management [36]. In Australia, 
Carolan et al. developed and tested an educational Web site for women with 
GDM [37]. The researchers assessed pregnant women’s knowledge of GDM and 
healthy lifestyle (healthy diet and foods), after using the Web-based program 
compared to women who received standard education. The findings showed that 
both approaches resulted in excellent knowledge scores [36]. Recent random-
ized control trial (RCT) using the same Web site aimed to evaluate changes in 
maternal body mass index, blood pressure, glycemic level, and infant birth weight 
after using a Web-based educational program compared to standard clinic-based 
GDM education. Results showed significant improvements in the intervention 
group that received Web-based education. Significant differences were observed 
between groups regarding women’s postpartum weight, glycemic level, and 
attendance at oral glucose tolerance test by 12-week postpartum [38].

6. Smartphone applications

In today’s digital age, in addition to the role of medical professionals who care for 
women with GDM, a new assistant would take part: mobile applications.

There are mobile applications (apps) designed specifically for women with GDM, 
which are already popular and highly desired among pregnant women [39, 40].

A recent study performed by Zahmatkeshan et al. aimed to review the evidence 
for the effectiveness of using mobile health (m-health) interventions for GDM. 
Based on their findings, it can be concluded that m-health interventions, including 
apps, could have a positive effect on GDM management and outcomes [41].

Another study evaluated the mobile apps applicability for pregnant women 
at risk of GDM. According to the results, the authors suggest that there is a need 
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for the development of more apps that provide both comprehensive educational 
content and tracking tools [42].

There are few RCTs that assess the effects of mobile apps on GDM management 
[39, 43–46]. The largest one [46] was conducted in Singapore among 340 pregnant 
women with GDM. The results from this study show that in addition to usual care, 
the use of a smartphone app coaching program led to better glycemic control and 
fewer neonatal complications [46].

Mobile apps cannot replace consulting a healthcare provider, but they could be 
useful in GDM management.

7. Conclusion

This chapter summarizes all of the aspects of diabetes self-management educa-
tion during pregnancy including possible challenges and innovative approaches that 
can find practical application in the educational process. Health professionals can 
encourage women with GDM to look for mobile apps, Web sites, and new technolo-
gies that can help them to successfully manage the disease. Active involvement of 
pregnant women and good collaboration of the diabetes team member is essential 
for the effectiveness of the educational process.
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Abstract

Gestational diabetes mellitus (GDM) poses a significant threat to the short- and 
long-term health of the mother and baby. Pharmacological treatments for GDM 
do not fully correct the underlying problem of the disease; however, non-pharma-
cological treatments such as exercise are increasingly recognized as foundational 
to glycemic management in other populations with disordered glucose regulation, 
such as non-gravid women with type II diabetes mellitus (T2DM). Much of the 
research regarding the impact of exercise on glycemic control in T2DM lever-
ages aerobic training as the primary modality; yet research has demonstrated the 
effectiveness of resistance training on improving glycemic control in T2DM. This 
chapter will review the rationale for resistance training in the management of GDM 
using evidence from individuals with T2DM; then the chapter will review available 
studies on the effectiveness of resistance training on glucose control in women 
with GDM.

Keywords: physical activity, pregnancy, aerobic training, resistance training, 
strength training, insulin, glucose, insulin resistance, insulin sensitivity

1. Introduction

Gestational diabetes mellitus (GDM) is glucose intolerance diagnosed during 
pregnancy [1] and occurs in approximately 10% of all pregnancies [2]. The preva-
lence of GMD is increasing in the United States [3, 4] and once diagnosed, the odds 
of GDM in subsequent pregnancies [5, 6] and postpartum type II diabetes mellitus 
(T2DM) [7, 8] are significantly increased. GDM poses significant health threats to 
mothers and their offspring, including, but not limited to, placental dysfunction, 
preterm birth, neural tube defects, macrosomia [9, 10], and increased cardiometa-
bolic disease risk (e.g., obesity, insulin resistance) later in life [11–14]. Consequently, 
the threat of declining, preventable health outcomes of future generations is immi-
nent, prompting the need for cost-effective therapeutic strategies for the treatment 
of GDM. Exercise is an effective lifestyle intervention for GDM; however, the 
precise design of such interventions first requires an understanding of the metabolic 
changes that occur during pregnancy and the development of GDM.
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2. Metabolic changes in pregnancy and the development of GDM

From conception to birth, the female human body undergoes several struc-
tural and physiological changes to optimize fetal growth and development; these 
changes related to normal gestation have been extensively reviewed by others [15]. 
In uncomplicated pregnancies, maternal metabolism adjusts to the nutrient and 
energy needs of the growing fetus. In the first half of pregnancy, the fetal nutrient 
and energy demand is rather low. Thus, maternal metabolism is in an anabolic state 
favoring nutrient storage, demonstrated by enhanced appetite and tissue-specific 
insulin sensitivity, specifically of adipose tissue (i.e., fat tissue), and consequently 
increases in stored triglycerides [15].

Conversely, from the mid-2nd trimester until birth, there is a rapid accelera-
tion in fetal nutrient and energy demands paralleling the augmented growth 
and development, requiring another shift in maternal metabolism [15]. In 
this phase, maternal metabolism shifts from an anabolic state to a catabolic 
state characterized by marked increases in maternal insulin resistance and the 
shunting of maternal glucose to the fetus, which is the most critical energy 
substrate for optimal fetal growth and development [15]. Maternal insulin 
resistance primarily occurs within the skeletal muscle, resulting in progressive 
and substantial reductions (~55–75%) in maternal glucose uptake relative to 
pre-pregnancy [15]. Subsequently, meeting the energy demands of the mother 
requires a dramatic increase in lipolysis, specifically of the triglyceride stores 
deposited in early pregnancy [16, 17]. Paralleling the increase in maternal 
insulin resistance, maternal serum lipid concentrations increase by 200–300% 
compared to pre-pregnancy [16, 17]. The natural increases in maternal insulin 
resistance must occur or its absence leads to severe fetal growth restriction and 
permanent, lifelong adverse health outcomes.

The onset of maternal insulin resistance prompts the maternal pancreas to 
upregulate insulin production and secretion, promoting adequate, yet still reduced, 
maternal glucose uptake. This response maintains optimal fetal glucose supply, 
protecting it from an oversupply. However, a failed or insufficient pancreatic 
response and increased maternal glucose concentrations may lead to a persistent 
state of maternal hyperglycemia, yielding a continuous oversupply of glucose to 
the fetus. Consequently, the maternal pancreas either (1) continues to respond to 
the hyperglycemia via further increases in insulin production and secretion result-
ing in maternal hyperinsulinemia potentially worsening the progressing maternal 
insulin resistance and ensuing hyperglycemia via reduced insulin receptor sensi-
tivity or (2) fails to produce and secrete a sufficient amount of maternal insulin, 
yielding worsened hyperglycemia, without hyperinsulinemia. These alterations in 
maternal metabolic responses can lead to the development and diagnosis of GDM.

Given the grave maternal and fetal health consequences of glucose intolerance 
and GDM, all pregnant women are screened for glucose intolerance or GDM in 
the mid-to-late 2nd trimester via glucose challenge tests by consuming a beverage 
containing a 50-g load of glucose. Following intake, maternal blood is drawn via 
venipuncture and serum glucose levels measured. If maternal fasting glucose 
levels exceed 95 mg dL−1, or if glucose levels at 1-h post-dose exceed 180 mg 
dL−1, the pregnant women ‘fails’ and subsequently undergoes a 3-h glucose 
oral glucose tolerance test (OGTT) to confirm a GDM diagnosis. To confirm a 
GDM diagnosis, maternal glucose levels must exceed two of the following three 
glucose thresholds: 180 mg dL−1 at 1 h, 155 mg dL−1 at 2 h, or 140 mg dL−1 at 3 h 
post OGTT [18]. A confirmed GDM diagnosis requires immediate treatment 
intervention.
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3. Current treatment interventions for GDM

The first line of treatment for GDM includes medical nutrition therapy (e.g., 
complex carbohydrate-rich diabetic diet), capillary blood glucose monitoring, and 
recommendations of at least 150 min of aerobic exercise per week [18]. If clinicians  
render the behavioral strategies ineffective, pharmacological therapy (insulin, met-
formin, or glyburide) is prescribed [18]. Pharmacological therapy effectively manages 
maternal hyperglycemia via stimulation of peripheral glucose uptake by skeletal muscle 
and fat cells, and by inhibiting hepatic glucose production. While effective, pharmaco-
logical therapies fail to address the underlying mechanisms that cause insulin resistance 
in GDM, including a reduction in peripheral and hepatic insulin sensitivity, pancreatic 
β-cell failure or damage, and dysfunctional insulin action at the post-receptor level in 
skeletal muscle [19]. Furthermore, pharmacological therapy is associated with adverse 
health outcomes such as small-for-gestational-age offspring [20] and maternal vascular 
damage [21], and comes with a significant medical financial burden.

In contrast, exercise has been shown to improve peripheral (e.g., muscle) 
glucose tolerance through both insulin-dependent and insulin-independent mecha-
nisms [22], and pancreatic β-cell function [23, 24] in T2DM populations. With 
this general understanding of the benefits of exercise for glucose management, 
several professional organizations such as the American College of Obstetrics and 
Gynecology [25], the American College of Sports Medicine [26], the American 
Diabetes Association [27] advocate for the use of prenatal exercise as an adjunctive 
therapy to improve glycemia in GDM.

4. Exercise and GDM

4.1 Exercise and aerobic exercise: definitions

Exercise training is defined as a structured, goal-oriented, progressive behavioral 
regimen, whereby individuals repeatedly perform bodily movements aimed to 
improve health, locomotion, ease of daily physical activities, sports performance 
etc. Two common types of exercise training are aerobic training and resistance 
training. Aerobic training involves performing exercises that rhythmically and 
continuously move large muscle groups for sustained periods of time such as walk-
ing, cycling, rowing, swimming, running etc. Aerobic training typically focuses on 
improving an individual’s cardiorespiratory fitness.

4.2 Resistance training: definition

Resistance training is a form of exercise characterized by repetitive voluntary 
skeletal muscle contractions working against an external resistance (e.g., gravity 
during body weight exercises, free weights) and is designed to improve muscular 
fitness [28]. Resistance training programs typically focus on improving muscular 
strength. One form of resistance training, called strength training, typically involves 
higher loads (e.g., heavier weight), lower repetitions, more recovery time between 
sets, and isolates specific muscle groups (e.g., legs, back). For example, a person 
might perform a barbell squat at 75% of their maximal effort for three sets of 8 repe-
titions, with 2 min of rest between sets. Circuit training is a form of body condition-
ing involving full-body exercises performed in a series with minimal rest between 
each exercise. Although it is predominately a form a resistance training, circuit 
training often includes a combination of resistance training and moderate-to-high 
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intensity aerobic training. Circuit resistance training typically involves lighter loads 
or body weight, a higher number of repetitions (e.g., 10–15), and little to no rest 
periods. One example of CRT might be performing the following eight exercises 
for 10 repetitions each, as many times as possible in a given amount of time (e.g., 
10 min), and taking breaks as needed: chest press, low row, squat, lunge, shoulder 
press, latissimus dorsi pull-down, biceps curl, and triceps extension.

4.3 Effectiveness of aerobic training in women with GDM

Growing evidence demonstrates that participating in aerobic training during 
pregnancy elicits profound positive effects on maternal glucose tolerance. Previous 
studies showed that exercising during the first 20 weeks of pregnancy significantly 
reduces (up to 50%) a pregnant woman’s risk of developing GDM [29]. Moreover, 
studies have shown that prenatal aerobic exercise effectively manages maternal 
glucose levels and may replace pharmacological therapies in pregnant women 
diagnosed with GDM [29–31]. For these reasons, several worldwide private and 
governmental agencies endorse pregnant women engaging in prenatal aerobic exer-
cise for the prevention and management of GDM [24–26], along with a plethora of 
other health-related benefits. Aerobic training is a promising modality to optimize 
maternal and offspring outcomes considering this type of exercise encompasses a 
wide range of activities (e.g., walking, cycling, and swimming).

4.4 Prevalence of resistance training and recommendations

Currently, it is unknown what percentage of pregnant women with GDM partici-
pate in resistance training. However, despite being the third most commonly reported 
activity during pregnancy, resistance training is performed in only 10% of pregnant 
women overall [32]. These statistics are slightly outdated, however, there have been 
no other more recent reports over the past several years. Nevertheless, resistance 
training has gained significant popularity among non-gravid women [33, 34], indi-
cating that women, in general, are becoming more interested in the benefits gleaned 
from resistance training. However, the lack of resistance training participation while 
pregnant is likely driven by many factors. Misconceptions about resistance training 
during pregnancy, in particular, may be a major contributor. For example, anecdot-
ally, common misconceptions include e.g., resistance training being dangerous for 
the mother and baby, core training causing separation of the abdominal muscles 
(diastasis recti), an increase in pregnancy pains when resistance training, you cannot 
perform resistance training during pregnancy if you have never resistance trained 
before, you cannot lay on your back during exercise after 16 weeks gestation, and 
others. Although many of these misconceptions are likely rooted in cultural ideolo-
gies, the lack of rigorous research regarding the impact of resistance training during 
pregnancy, especially GDM, is likely the reason that American governing bodies have 
just recently (year 2020) added resistance training guidelines for all pregnant women 
[25, 35], and have not yet added resistance training as part of the first line of glucose 
management upon GDM diagnoses [18, 27]. As a result, the breadth of exercise rec-
ommendations at the practice level (e.g., OB/GYNs) is limited. Thus, more research 
on resistance training in GDM populations is needed to inform the public and in turn 
impact the participation of pregnant women in resistance training.

4.5 Effectiveness of resistance training in T2DM

Despite a dearth of resistance training research in pregnant women, there is 
evidence demonstrating the effectiveness of resistance training in individuals with 
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T2DM, who have similar peripheral impairments in insulin resistance as GDM. 
For instance, both resistance training and aerobic training individually elicit 
similar improvements in glycemic control in T2DM in non-gravid adults [36–39], 
indicating that resistance training may be a novel approach to achieving the same 
outcome in GDM women. A meta-analysis of studies in GDM [38] determined 
that as long as the exercise training (either aerobic training or resistance training) 
is performed at a sufficient frequency (3–4 times per week), intensity (moderate 
to vigorous), and duration (20–30 min), similar glycemic outcomes will occur 
in response to aerobic training vs. resistance training. These findings confirm 
evidence demonstrating mechanical contraction of muscle, in general, is a potent 
physiological stimulator of skeletal muscle glucose uptake [40], and suggest that 
the type of exercise (e.g., resistance training or aerobic training) may not be as 
important given that bodily movement produces muscle contractions. However, 
glucose uptake into muscle is contraction-intensity dependent in both fast- and 
slow-twitch skeletal muscle fibers [40]. Thus, although any type of physical activ-
ity will increase glucose uptake due to its respective contractile nature, the mag-
nitude of blood glucose uptake depends on the intensity with which the activity is 
performed.

Although aerobic exercises is often prescribed for glucose management in 
T2DM, sustaining continuous activity for 30–60 min at a time may be difficult 
for these individuals for a number of reasons (e.g., reduced aerobic capacity and 
exercise tolerance, orthopedic issues, excess weight [41, 42]). These barriers to 
aerobic exercise may encourage exercise participation at lower than recommended 
intensities or lead to exercise dropout. In general some exercise is better than none, 
however, there is a positive relationship between the intensity at which aerobic 
exercise is performed and glycemic control in T2DM [43]. Aerobic exercise may 
need to be performed at a higher intensity than is feasible for many adults with 
T2DM to sustain. Fortunately, resistance training may address aforementioned 
barriers associated with aerobic exercise as it can be performed with lower aerobic 
effort, intensity can be modified in a variety of ways (e.g., load, tempo, exercise 
progressions and regressions), and the extent to which activities are weight bearing 
can be adjusted (e.g., free weights vs. machines). Because these aspects are relevant 
to T2DM and pregnant women, resistance training may be an effective exercise 
option for GDM populations.

On a practical level, it may not be prudent to simply recommend an increase 
in physical activity (e.g., walk more throughout the day) in patients with glucose 
regulatory disorders, such as GDM. Nevertheless, if the exercise dose (frequency, 
intensity, and duration) is at or above recommended levels, the type of exercise may 
not be as important for glucose regulation in GDM. These findings are encouraging 
for both practitioners and pregnant women since it moves the focus of an exercise 
program to the preferences of the pregnant woman, allowing the program to be 
individually tailored. The ability to adjust exercise prescription to the needs and 
preferences of the individual will ultimately help increase adherence to an exercise 
program and lifestyle modification.

5.  Mechanisms of the improvement in insulin sensitivity with resistance 
training in T2DM

The mechanisms by which resistance training may improve glycemia in GDM 
has not yet been elucidated in the literature. Therefore, this section will review the 
mechanisms of resistance training-induced improvements in glycemia in T2DM. 
The improvements in glycemia with resistance training can occur independent 
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of the addition of aerobic training into a resistance training program [44], and 
without changes in maximal oxygen uptake [45]. In other words, improved insulin 
sensitivity with resistance training can occur without improved aerobic capacity 
suggesting that resistance training alone may be a sufficient stimulus to improve 
glycemia independent of traditional aerobic exercise training recommendations 
for the management of glycemia. In fact, studies have reported that the impact of 
resistance training on insulin sensitivity and glucose control is greater than aerobic 
training [46, 47], or at a minimum, elicits the same glycemic effect [48], when 
matched for training units or time. Therefore, it may be that the higher intensity 
contractile nature of resistance training compared to aerobic training results in 
greater glucose uptake during exercise, and this physiological stimulus may super-
sede the benefit of improved aerobic capacity on glycemia.

There are a variety of reported mechanisms by which resistance training 
improves glucose regulation in T2DM. First, resistance training increases muscular 
glucose disposal and insulin sensitivity [49, 50], which can occur acutely after 
a singular resistance training session [51]. However, resistance training should 
be maintained as a part of a regular exercise routine because the effect of resis-
tance training on glycemic control and insulin sensitivity is not sustained when 
resistance training is discontinued [52]. Second, although it may be assumed that 
hypertrophy is one of the mechanisms by which glucose control is achieved with 
chronic resistance training in T2DM, an increase in muscle mass, per se, may not be 
the direct catalyst of change [53]. Instead, an array of intrinsic metabolic changes 
within the muscle may be the driver of improvements in glucose control in T2DM. 
For instance, resistance training increases insulin receptor concentration [54] and 
enhances the activation of the insulin signaling cascade [55, 56]. Upon activation of 
insulin receptors by insulin, several intracellular cascades are stimulated, including 
glucose transporter type 4 (GLUT4) translocation that ultimately increases glucose 
uptake into the cell. GLUT4 permits facilitated diffusion of glucose into skeletal 
muscles, and therefore, a larger concentration of GLUT4 and faster movement of 
GLUT4 to the cell surface with resistance training will enhance glucose flux into 
the cell, and therefore better regulate blood glucose levels. Resistance training also 
directly increases the content and rate of GLUT4 translocation within the muscle 
cell [57]. Importantly, these changes occur independent of significant increases in 
muscle mass [58], and even after only one resistance training session or single set of 
exercises [51], suggesting that repeated mechanical muscular contractions, rather 
than muscle growth, may be the most important for glucose control in T2DM. 
These findings, however, should not discount the importance of muscle mass, 
because it is known that low relative muscle mass is related to an increased risk of 
developing T2DM [59]. However, these findings may be particularly important for 
pregnant women, considering that (1) there is a stigma around resistance training 
and becoming “bulky” in female populations, and (2) resistance training programs 
may not have to be built on high intensity regimens (i.e., it does not have to be 
straining) characteristic of muscle hypertrophy programs to achieve glycemic ben-
efits. Considering there is a substantial body of evidence to suggest that resistance 
training is beneficial for glycemic control in T2DM, and the peripheral insulin 
resistance effects of T2DM and GDM are similar, it may be assumed that many 
of the mechanisms of change as a result of resistance training in GDM would be 
similar to T2DM. However, mechanistic data in women with GDM is not available 
in the current literature. Therefore, the next section will discuss available research 
on the effect of resistance training on several clinical outcomes related to glucose 
control. Future research describing the mechanisms by which these changes occur 
is needed.
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6. The effect of resistance training on glucose regulation in GDM

6.1 Risk of GDM

It is important to determine the impact of resistance training during pregnancy 
on the risk of developing GDM to evaluate resistance training as preventative 
therapy, rather than solely for treatment upon diagnosis. However, the only 
reported study that assessed this relationship found that a moderate intensity 
resistance training intervention during pregnancy did not reduce the risk of 
developing GDM in sedentary, normal weight Spanish women after adjusting 
for maternal age and body weight pre-pregnancy [60]. Therefore, it may be that 
light-to-moderate intensity resistance training exercises cannot “override” the 
predisposition that women with higher BMIs (even though the ones in the study 
were normal weight) have for the risk of GDM. This study was limited because it 
assessed healthy women with normal BMIs, and not overweight or obese women 
who are known to have a significantly higher risk of developing GDM [61]. In addi-
tion, the resistance training protocol (3×/wk., 25–30 min per session at moderate 
intensity) included “toning and joint mobilization,” which consisted of isolation 
movements of small muscles or muscle groups using very light loads (3 kg barbells 
and 1–3 kg elastic resistance bands). The movements included shoulder shrugs and 
rotations, arm elevations, leg lateral elevations, and pelvic tilts and rocks. Women 
who are experienced weightlifters would consider this protocol to be more of a 
mobility and activation routine characteristic of a warm-up, rather than a workout 
routine that properly stresses the muscle. Depending on an individual’s experi-
ence with resistance training, the light-to-moderate intensity exercises described 
in the study may not provide a sufficient mechanical stimulus to evoke changes at 
the level of the muscle. The women in the study mentioned above were sedentary; 
therefore, they may have initially gleaned strength benefits from the program, but 
likely would have quickly plateaued. Even so, this particular study did not assess 
muscular strength gains as a result of the resistance training intervention. The goal 
of the study may not have been to use traditional resistance training with the goal 
of improving strength considering it was designed for toning and mobilization. 
Overall, more research is needed to determine if a resistance training program 
providing a sufficient stimulus reduces the risk of GDM in at-risk women, such as 
women with overweight and obesity or those with a history of GDM.

6.2 Insulin therapy

It may not be viable to use resistance training as a preventative therapy against 
the diagnosis of GDM in all women because there may be a low likelihood of starting 
a resistance training exercise routine prior to conception in women with no prior 
experience in resistance training. Therefore, determining how resistance training can 
attenuate the pharmacological requirement for the regulation of glucose in women 
with GDM upon diagnosis is important. Insulin therapy is the first line antihypergly-
cemic drug therapy recommended for treatment of GDM [62] when initial lifestyle 
changes (medical nutrition therapy, physical activity) are ineffective. One study 
demonstrated that fewer women in the resistance training group required insulin 
therapy compared to the control group [63]; while another study found no differences 
between resistance training-plus-diet vs. diet alone (standard diabetic diet) groups 
[64]. However, all women in the resistance training-plus-diet group were prescribed 
less insulin (diet: 0.48 ± 0.3 units/kg; resistance training-plus-diet: 0.22 ± 0.2 units/kg, 
P < 0.05) and commenced insulin therapy later after diagnosis (diet: 1.1 ± 0.8 weeks; 



Gestational Diabetes Mellitus - New Developments

76

resistance training-plus-diet: 3.71 ± 3.1 weeks, P < 0.05) [64]. Furthermore, over-
weight women in the resistance training-plus-diet group had a significantly lower 
incidence of insulin therapy use [64]. Therefore, the effect of diet therapy on insulin 
use may be complemented by the addition of resistance training overall, and the 
metabolic effects of resistance training are likely to be greater in women with higher 
BMIs compared to women with healthy weight BMI. These findings are of no surprise 
considering it is likely that the diabetic diet consisting of less daily carbohydrates 
(40% of total energy intake) and the contractile nature of resistance training have a 
synergistic effect on the maintenance of blood glucose levels. Although both diet and 
exercise are the first line of treatment for GDM, this study was the only one to  
combine exercise and nutrition therapy. Therefore, more research that truly reflects 
the overall treatment strategies for women with GDM is required.

6.3 Fasting glucose and insulin concentrations

Being one of the most widely used clinical measures of glycemia, fasting glucose 
and insulin concentrations must be examined with a resistance training intervention 
during GDM. The American Diabetes Association recommends that fasting glucose 
concentrations during pregnancy should be <95 mg dL−1 [27]. After chronic resis-
tance training in women with GDM, fasting glucose concentration tends to decrease 
more from pre- to post-intervention compared to aerobic training [63, 65–67]. 
However there are rarely differences between resistance training and aerobic training 
groups [63, 65–68], indicating that exercise in general (e.g., muscular contraction) 
may be the most important factor in the regulation of fasting glucose concentrations. 
Importantly, although the women in each of these studies were diagnosed with GDM, 
they had well-managed glucose levels represented by fasting glucose concentrations 
below recommended levels even before the exercise intervention. Thus, perhaps 
women with GDM with less control over circulating glucose concentrations may be 
more responsive to exercise training. In regard to fasting insulin concentrations, most 
work has demonstrated that there is no effect of resistance training [65, 69], however, 
one study showed a significant difference between resistance training and aerobic 
training groups whereby fasting insulin levels increased with resistance training 
and decreased with aerobic training [66]. Nevertheless, fasting insulin levels after 
the resistance training intervention (10.22 ± 2.76 mIU/mL) were still within normal 
limits (<20 mIU/L [70]). Therefore, it seems that there are minimal to no effects of 
resistance training on fasting insulin concentrations in GDM.

6.4 Markers of insulin resistance and β-cell function

A more significant indicator of the potential impact of resistance training on 
glucose regulation in GDM may be indirect measures of insulin resistance and 
pancreatic beta cell function. For example, measures such as the homeostatic model 
assessment (HOMA) of insulin resistance (HOMA-IR) and HOMA-β, respectively, 
use fasting insulin and glucose concentrations. The only reference values for 
HOMA-IR during pregnancy are in Mexican women (first trimester: <1.6; second 
trimester: <2.9, third trimester: <2.6) [71], however, in general, the higher the 
HOMA-IR values, the more insulin resistant the individual. Changes in HOMA-IR 
tends to not differ between resistance training and aerobic training protocols in 
GDM [65, 69]; however, one study found there was a significant difference between 
resistance training, aerobic training, and control groups, with HOMA-IR decreasing 
to a greater extent in the aerobic training (−7.1%) compared to resistance training 
(−3.54%) groups. Nonetheless, HOMA-IR was reduced in both exercise groups 
and increased in the non-exercise control group (+9.06%), indicating that, much 
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like fasting glucose concentrations, exercise in general (and not exercise type) may 
be the most important factor regulating indirect measures of insulin resistance 
in GDM. On the other hand, in the few studies using HOMA-β, an estimate of 
steady-state beta-cell function, no differences have been found between resistance 
training, aerobic training, and control groups [65, 66]. Therefore, more research is 
needed to assess the impact of resistance training on β-cell function.

The impact of resistance training in women with GDM on dynamic measures of 
glycemia, such as post-meal and post-exercise glucose concentrations, are promis-
ing. Chronic resistance training in women with GDM is associated with a greater 
percentage of weeks spent within a healthy target glucose range throughout the 
day (e.g. after an overnight fast, and after meals) compared to no exercise [63]. In 
addition, women with GDM using insulin therapy and exercise also spent more 
weeks within a healthy target glucose range throughout the day compared to women 
using insulin therapy that do not exercise [63]. Another study confirmed that 
after chronic resistance training in women with GDM, there is a greater reduction 
in postprandial glucose levels compared to aerobic training [68]; these findings 
indicating that resistance training may improve nutrient handling after a meal to a 
greater extent than aerobic training. Lastly, there are no differences in the reduction 
in blood glucose levels from baseline between an acute bout of resistance train-
ing vs. aerobic training [67], indicating that resistance training is a safe exercise 
modality to use in women with GDM, especially as it pertains to post-exercise 
glucose levels. Therefore, overall, resistance training in women with GDM improves 
glycemia throughout the day, and specifically after a meal, indicating that it may 
have therapeutic potential for women with GDM.

7. Conclusions

In conclusion, because of the potent effects of resistance training on glucose 
control in T2DM, it may be surmised that resistance training would also benefit 
women with GDM, who share similar impairments in peripheral insulin resistance. 
However, the studies of resistance training in women with GDM are minimal. Based 
on the work available, there seems to be initial promise for the use of resistance 
training in women with GDM to reduce the need for pharmacological insulin and 
improve glucose control throughout the day and after meals. Future work should 
assess the impact of a resistance training program on the risk of GDM in women 
with obesity; additionally, future research should provide more knowledge about 
potential effects of resistance training on clinical outcomes such as glucose and 
markers of insulin resistance. As more research becomes available, exercise guide-
lines can be properly tailored to pregnant women in a way that includes not only AT, 
but also resistance training.
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HOMA-β homeostatic model assessment of beta cell function
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Abstract

The incidence of gestational diabetes mellitus (GDM) is still rising, and this 
pathological condition is strongly associated with some serious adverse pregnancy 
outcomes. Therefore, GDM must be timely recognized and adequately managed. 
Treatment of GDM is aimed to maintain normal glycemia and it should involve 
regular glucose monitoring, dietary modification, lifestyle changes, moderate 
physical activity, and pharmacotherapy, when necessary. As for the pharmacother-
apy, needed in approximately one-third of GDM women, insulin administration is 
the first choice of pharmacological treatment, although oral hypoglycemic drugs, 
for example, metformin (a biguanide agent) or glyburide (a second-generation 
sulfonylurea drug), could be indicated, too. Metformin is considered as a reason-
able and safe first-line alternative to insulin. If comparing two oral agents, met-
formin seems to be safer than glyburide, since glyburide was found to be linked to 
neonatal hypoglycemia and higher birth weight, which can for example increase 
the hazard for shoulder dystocia and a necessity for Cesarean delivery. Finally, 
it should be underlined that many pregnant women turn to complementary and 
alternative medicine for health maintenance or symptom relief, including tradi-
tional herbal medicine and the use of supplements. Given the previous facts, this 
chapter will address current pharmacotherapy options and challenges related to 
GDM treatment.

Keywords: gestational diabetes mellitus, treatment, insulin, metformin, glyburide, 
oral antidiabetics

1. Introduction

Gestational diabetes mellitus (GDM) is well-described endocrinopathy, refer-
ring to any degree of glucose intolerance that develops or else is initially recognized 
during pregnancy. Today, it is recognized that GDB is most probably a consequence 
of complex and quite diverse interactions between genetic-epigenetic-environmen-
tal factors [1–3]. This diagnosis of gestational diabetes does not include pregnant 
women who have unrecognized pre-existing diabetes, which today accounts for 
about 1% of diabetes cases during gestation [4].

GDM is characterized by aberrant fetoplacental vascular function, insulin 
resistance, and impaired insulin production [5]. Numerous fetal issues have been 
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linked to GDM, for example, macrosomia (birthweight over 4000 g), a higher 
stillbirth risk, birth trauma, a higher percentage of Cesarean delivery, and newborn 
hypoglycemia [6]. Most of these have been particularly positively linked to consid-
erable maternal weight fluctuations in GDM [7]. Although today it has become very 
clear that timely screening and diagnosis (even before 20 weeks gestation) of GDM 
in at-risk women is more than required for clinically desirable maternal and fetal 
outcomes [8], in this context, new predictive and diagnostic biomarkers for GDM 
represent a critical state-of-the-art topic [9].

To circumvent hyperglycemia and its negative effects on fetal growth, 
pregnant women diagnosed with gestational diabetes are initially managed with 
individualized medical nutrition therapy and light exercise. Although the major-
ity of scientific associations propose the thresholds for fasting glucose levels of 
95 mg/dL and 140 mg/dL at 1-h postprandial, recent findings suggested that 
decreasing a threshold for blood glucose at 1 h after a meal to less than  
120 mg/dL in GDM women lowers the risk of large for gestational age infants 
and macrosomia, and at the same time without the increased occurrence of small 
for gestational age infants [10, 11]. This promising finding certainly requires 
further elucidation.

Insulin has generally been recognized as the first-line drug because it is effec-
tive and does not cross the placenta. Other treatment strategies, oral antidiabetic 
drugs (OAD) such as metformin or glyburide, have been used in recent years 
given that insulin therapy has several downsides in GDM. Some of them are the 
absence of a clear dose definition, the need for multiple daily injections, the risk 
of hypoglycemia, and elevated maternal weight gain [12]. Although oral medica-
tions are easy to use and even though they have a high efficacy in the treatment of 
women with GDM, failure to attain glycemic control appears in around 20% of 
women, leaving opportunities for new therapeutic optimization [13]. In accordance 
with previous facts, up-to-date results of available meta-analyses on the effects of 
antidiabetic pharmaceuticals estimated that if we look to the majority of adverse 
neonatal outcomes, metformin was ranked to be the superior treatment over insulin 
or glyburide, whereas the lower risk of adverse maternal outcomes was primarily 
linked to glyburide administration [14]. These divergent effects require additional 
caution in their use [8].

Lots of knowledge has been accumulated regarding GDM screening and timely 
treatment; however, the secondary prevention in women following GDM, as well as 
in their offspring, represents an important scientific challenge for all of us in many 
years to come [15].

In this review, we look at how insulin and other oral hypoglycemic medications 
are used to treat women with GDM, emphasizing on their efficacy and safety. 
Supplement-related and other alternative pharmacotherapy will be addressed, 
as well.

2. Current options of pharmacotherapy in GDB

2.1 Insulin and insulin analogs

2.1.1 Pharmacological properties and use

Insulin, due to its huge molecular size, does not pass the placenta unless at 
extremely high doses [16]. It has a great fetal safety profile; it attains tight maternal 
glucose control and is therefore recommended as a gold standard, and the first-line 
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treatment for women with GDM. Insulin is not teratogenic, and there is also no 
evidence that any of them are excreted in human milk [17].

Currently, available insulin analogs are rapidly acting analogs, including aspart 
and lispro, short-acting regular insulin, intermediate-acting NPH insulin, or 
longer-acting insulin analogs, such as glargine and detemir [18, 19].

Insulin is the therapy of choice for women who have failed to meet their 
glycemic treatment goals despite making lifestyle changes—diet and exercise 
[2]. It can also be used by those who are unable to tolerate the adverse effects of 
other OADs.

The dose and timing of insulin use are determined by the women’s body weight, 
gestational age, and the time of day when hyperglycemia occurs. Insulin dosage is 
modified often during pregnancy based on blood glucose values, hypoglycemia, 
physical activity, nutritional intake, infection, and patient’s compliance.

Based on the time of recurrent hyperglycemia, there are two major ways of 
prescribing insulin. Insulin can be given in divided doses throughout the day or as 
a single daily dose. Intermediate insulin, such as NPH or detemir, should be given 
as a single dose at bedtime in GDM women who have hyperglycemia solely in the 
morning fasting state. Rapid-acting insulin should be administered before a meal 
in women who have postprandial hyperglycemia. Hyperglycemia during the day 
should be controlled with a combination of intermediate- or long-acting and short-
acting insulin [20].

Close blood glucose monitoring is required while prescribing insulin to avoid 
hypoglycemia or hyperglycemia. GDM women should bring their self-monitored 
blood glucose logs to the doctor’s office so that the insulin regimen can be adjusted 
when necessary.

2.1.2 Efficacy and safety

Rapid-acting insulin analogs, often known as bolus insulin, are used to imitate 
endogenous insulin’s response to meal intake. They reach a concentration peak 
sooner than regular insulin and show a shorter duration of action (3–5 h) [21]. In 
comparison with human insulin, which must be administered 30 minutes before a 
meal, rapid-acting insulin analogs can be given 5–10 minutes before a meal, mak-
ing them more convenient [22]. Basal insulin, also known as intermediate-acting 
and long-acting insulin, is primarily used to give a constant supply of the modest 
amounts of insulin to regulate lipolysis and avoid hepatic gluconeogenesis, regard-
less of meal intake.

Although insulin treatment has traditionally been the drug of choice for treat-
ing hyperglycemia in GDM after medical nutrition and physical exercise, it is not 
without limitations. Many pregnant women face issues with insulin administration, 
including gaining weight, balancing dosage, diet, and, for some, the frequency of 
hypoglycemic episodes. For that reason, there are quite a few reports currently sug-
gesting metformin as the first-line agent having an equivalent efficacy vs. insulin, 
yet with less hypoglycemia than insulin [23].

Short-acting insulin has been connected to an augmented risk of hypoglycemia 
and glycemic control changes in those with GDM. Aspart’s recent experience 
has been positive, although lispro has been linked to higher birth weight and a 
greater rate of large for gestational age newborns [24]. In randomized clinical 
investigations comparing detemir to NPH for intermediate- and longer-acting 
insulin, there was no difference in glucose management or perinatal outcomes. 
Detemir has been linked to a lower risk of hypoglycemia in diabetics who are not 
pregnant [25].
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2.2 Oral antihyperglycemic drugs (OAD)

2.2.1 Metformin

2.2.1.1 Pharmacological properties and use

Metformin, an oral biguanide, works by reducing liver gluconeogenesis, increas-
ing peripheral insulin sensitivity, and also promoting glucose uptake in peripheral 
tissues while lowering glucose absorption in the gut [26]. Several mechanisms 
are responsible for higher insulin sensitivity including the augmented activity of 
insulin receptor tyrosine kinase, enhanced synthesis of glycogen, reduction of gly-
cogenolysis, decreased activity of hepatic glucose-6-phosphatase, and an increase 
in the recruitment and activity of GLUT4 glucose transporters [27]. It decreases 
fasting serum insulin by 40% (thus lowers the risk of hypoglycemia) and leads to 
a 5.8% weight loss on average [28]. Despite identical glycemic control, metformin 
was related to lower cardiovascular, as well as all-cause mortality if paralleled to 
sulphonylureas and insulin in a long-term prospective study of type 2 diabetes. The 
RISK pathway activation via increased AMPK activity may be responsible for this 
effect [29, 30].

Organic cation transporters (OCTs) transport metformin across the mito-
chondrial membrane at the cellular level. Since the placenta expresses many OCT 
isoforms, metformin crosses the placenta easily during pregnancy. Concerns 
about potential negative effects on fetal development arise from transport via the 
placenta into the developing fetus. Although it is unknown if OCTs are expressed 
in human embryos, we know that pre-implantation human embryos have limited 
mitochondrial capacity making them resistant to metformin [31, 32]. In Metformin 
in gestational diabetes study (MiG), children (aged 2) exposed to metformin during 
pregnancy were compared to children of the same age whose mothers were on 
insulin during pregnancy. Children exposed to metformin had comparable overall 
body fat, yet more subcutaneous fat over intra-abdominal fat compared to children 
exposed to insulin, thus suggesting that metformin treatment may lead to a more 
advantageous pattern of fat distribution than insulin [33].

Only recently there has been evidence to support the use of metformin for the 
management of GDM. It has, however, been used in early pregnancy and all through 
pregnancy for additional indications for decades. Metformin can help women with 
the polycystic ovarian syndrome to establish regular ovulation and to enhance 
conceiving odds, and by using it during the first trimester to lower the incidence of 
spontaneous abortion [34]. Metformin’s use and effectiveness in the management of 
insulin-dependent T2DM in pregnancy have been supported by early research [35]. 
Despite this, it was not until the metformin in Gestational Diabetes trial, presented 
by Rowan et al. in 2008, was widely reported as an effective treatment for GDM [36].

2.2.1.2 Efficacy and safety

In the gestational diabetes trial [36], women were randomly assigned to either 
metformin or standard treatment, that is, insulin. Supplemental insulin was 
required by a large percentage of women using metformin (46%), however at much 
lower doses than GDM-women using insulin as monotherapy. The key outcome 
was a combination of neonatal hypoglycemia (2.6 mmol/L), respiratory distress, 
requirement for phototherapy, 5-minute Apgar score of 7, or premature birth 
(before 37 weeks), and it was similar in both treatment groups. Women who took 
metformin gained considerably less weight from enrolment to term than those who 
took insulin. Other parameters considered in the metformin and insulin clusters 
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were similar, including birth weight, neonatal anthropometrics, and odds for large 
for gestational age. However, when compared to insulin therapy, the incidence of 
severe hypoglycemia (1.6 mmol/L) was lower in the metformin group. This research 
also discovered that patient acceptability for metformin was substantially better 
than with insulin; when questioned if they would select it yet again for future preg-
nancies, 77 percent of metformin users replied yes, compared to only 27 percent of 
insulin users. Metformin’s gastrointestinal side effects caused 32 women (8.8%) to 
cut their dose, although only 7 (1.9%) had to discontinue taking it.

A group of 100 GDM women merely treated with metformin vs. 100 women 
with GDM only treated with insulin were matched for age, weight, and ethnicity in 
a case–control observational study [37]. Maternal risk factors were similar in both 
groups. The rates of preeclampsia, prenatal hypertension, and Cesarean section 
were identical, but an average maternal gain of weight from enrolment to term was 
considerably lower in the metformin group, just as it was in the MiG study. When 
compared to women who were treated with insulin, women who were given met-
formin had a lower rate of preterm, neonatal jaundice, and admission to a neonatal 
unit, as well as an overall improvement in newborn morbidity [37].

Post-prandial glycemic levels may indeed be of importance when comparing 
metformin to other treatment options. A meta-analysis of three randomized con-
trolled studies of GDM women found lower post-prandial glucose in metformin as 
opposed to insulin-treated patients, though these disparities did not meet statistical 
significance [38].

Metformin did not raise the risk of preterm delivery or Cesarean section, as 
reported in a latest systematic review, nor did it raise the risk of small for gesta-
tional age newborns. Metformin, on the other hand, was linked to a lower risk of 
preterm birth, newborn hypoglycemia, and admission to neonatal intensive care 
units, as well as a decreased prevalence of pregnancy-induced hypertension [39].

Because metformin is not stimulating the secretion of insulin, it does not 
provoke maternal hypoglycemia, which is a side effect that remains a concern with 
glyburide. For the same reason, severe neonatal hypoglycemia is less likely to occur 
after metformin administration compared to insulin [14]. Accordingly, hypoglyce-
mia is a greater risk if taking insulin, than with OAD [40]. Metformin, on the other 
hand, crosses the placental barrier easily due to its low molecular mass, hydrophilic 
nature, and lack of protein binding [41]. Metformin concentrations in the fetus are 
likely minimal and no fetal side effects, such as congenital malformations, have 
been detected [42]. It is not thought to be teratogenic, as evidenced by decades of 
use in preconception and early pregnancy. There have been no reports of newborn 
lactic acidosis, and neonatal hypoglycemia has been related to maternal hypergly-
cemia during delivery rather than a direct side effect of metformin. It belongs to the 
FDA’s Pregnancy Category B.

Before starting metformin treatment, patients should be informed about the 
potential for maternal adverse effects. Although its mechanism of action does not 
produce hypoglycemia directly, symptoms are observed in 0–10% of women who 
administered the drug. A 5 percent to 15% of women experienced gastrointestinal 
side effects, such as flatulence, nausea, diarrhea, and vomiting. Lactic acidosis, the 
most worrying potential side effect, was prevented by gradually raising the dose [43].

One final question could be certainly related to the eventual advantageous 
co-administration of metformin and insulin in GDM. Scarce reports have been 
published over the past decade; however, Chaves et al. [44] recently addressed this 
issue through the retrospective investigation with an evaluation of the Portuguese 
National Registry of GDM (2012–2017) with a very interesting report that in GDM 
women the concomitant use of metformin and insulin resulted in comparable obstet-
ric and neonatal adverse events if paralleled with insulin monotherapy. Moreover, 
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the authors reported that expected beneficial effects on weight gain and insulin dose 
were simply not detected if both drugs were used in a parallel manner [44].

2.2.2 Glyburide

2.2.2.1 Pharmacological properties and use

Glyburide is a second-generation sulfonylurea that acts mainly by increasing 
the secretion of insulin from the pancreas and improving the insulin sensitivity 
of peripheral tissues. These actions can be detected after a block of the sulfonyl-
urea receptor, which is actually a part of the ATP-sensitive potassium channel in 
the pancreatic beta cells [45]. Glyburide is lipophilic and significantly bound to 
albumin [46].

At first, it was assumed that glyburide did not cross the placenta. Langer et al. 
(2000) did not detect glyburide in umbilical cord serum of neonates whose mothers 
were taking glyburide during pregnancy, thus confirming in vitro investigations 
that found no glyburide transfer in-between mother and fetus. The reason behind 
that is that they used liquid chromatography with a limit of detection of 10 ng per 
milliliter [13]. Newer studies proved that glyburide can be found in umbilical cord 
serum by using a highly sensitive liquid chromatography-mass spectrometry test for 
determining glyburide at sub-ng/mL levels, confirming that glyburide is actually 
transferred transplacentally [47].

There is an obvious option to glyburide and that is insulin administration. Even 
though glyburide is an FDA category C drug, compared to insulin analogs (lispro, 
detemir, and aspart) that are all pregnancy risk factor B medications, glyburide is 
still widely used. The situation where glyburide is a better choice is where self-mon-
itoring of glucose blood levels needed for insulin or insulin storage is not possible or 
where a patient has a severe needle phobia.

Another benefit of using glyburide is that it is a low-cost oral agent, easy to 
take with few side effects. Also, glyburide is, as an oral agent just like metformin, 
easier to use compared to insulin [41]. Nevertheless, the other use of glyburide 
during pregnancy for GDM patients is still unclear and needs to be comprehensively 
elucidated [48].

2.2.2.2 Efficacy and safety

The New England Journal of Medicine published a clinical investigation compar-
ing glyburide versus insulin in management of GDM in 2000, which transformed 
the management of GDM. Namely, Langer et al. (2000) conducted the first ran-
domized, controlled study where they compared glyburide to insulin by dividing 
404 women with GDM into two groups, 201 receiving glyburide and 203 receiving 
insulin [49]. Results did not show any significant difference between the two 
clusters in neonatal outcomes by measuring high blood glucose concentrations, 
the incidence of macrosomia, admission to neonatal intensive care unit, etc. The 
authors also noted that the extent of glycemic control between the two groups was 
similar. A different study comparing macrosomia, neonatal hypoglycemia, and 
hyperbilirubinemia in two groups found no evidence that using glyburide instead of 
subcutaneous insulin leads to a higher rate of perinatal problems [50]. On the con-
trary, a retrospective cohort study analyzed data from 9173 women diagnosed with 
GDM and treated with glyburide opposite to insulin 150 days before delivery [37]. 
It was found that newborns delivered by women treated with glyburide were more 
expected to have complications than those delivered by mothers who were taking 
insulin. Complications noted were preterm birth, Cesarean delivery, hypoglycemia, 
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respiratory distress, jaundice, birth injury, large for gestational age, and hospitaliza-
tion in the neonatal ICU [51].

Seven trials comparing glyburide (n = 457) to insulin (n = 467) were analyzed in 
one more recent meta-analyses by Jiang et al. to assess the efficacy and safety of oral 
anti-diabetic (OADs) medicines for GDM. In terms of glycemic management, the 
investigators did not find any difference between glyburide and insulin. Glyburide 
therapy, on the other hand, is linked to a higher risk of neonatal hypoglycemia, high 
neonatal birth weight, high maternal weight gain, and macrosomia [52].

A group of 457 glyburide-managed pregnancies and 467 insulin-treated preg-
nancies were evaluated in the Jiang meta-analysis comparing the efficacy and safety 
of OAD for GDM [52]. Despite no dissimilarity in glycemic control, the authors 
found that glyburide caused considerably more macrosomia than insulin (OR: 3.09, 
95% CI: 1.59–6.04, P = 0.009). Glyburide was also associated with a greater rate 
of newborn hypoglycemia than insulin (OR: 2.64, 95% CI: 1.59–4.28, P = 0.0002). 
There was no difference in weight growth, Cesarean delivery rate, or preeclampsia 
between NICU admissions or premature births.

Finally, it has to be underlined that glyburide was ranked the worst in the 
recent meta-analysis, with the highest rates of macrosomia, hyperbilirubinemia, 
preeclampsia, neonatal hypoglycemia, low birth weight, preterm birth, and met-
formin (plus insulin when needed) had the lowest rates of pregnancy hypertension, 
macrosomia, LGA, RDS, preterm birth, and low birth weight [53]. Besides, one 
has to be very cautious with glyburide use, which was shown to be associated with 
weight gain, as well as maternal hypoglycemia, especially when taken without any 
food [45].

2.2.3 Acarbose

2.2.3.1 Pharmacological properties and use

Acarbose is an alpha-glucosidase inhibitor, which means it prevents enzymes 
found on the small intestine’s brush border from breaking down complex starches 
into oligosaccharides and oligosaccharides, trisaccharides, and disaccharides into 
glucose. As a result, the rise in postprandial glucose concentrations is lowered. Its 
use is usually linked to gastrointestinal complications. Although just 2% of acar-
bose is absorbed as an active medication, 34% of its metabolites were found in the 
systemic circulation [54].

Acarbose is not usually recommended for the treatment of GDM, because it has 
not been thoroughly researched during pregnancy and considering safer and more 
acceptable options, with more information regarding treating GDM, such as insulin 
and metformin.

2.2.3.2 Efficacy and safety

One small randomized prospective study (n = 70) in Brazil compared glyburide 
and acarbose to insulin in the treatment of GDM and showed the absence of 
notable differences in fasting or postprandial glucose concentrations with acarbose, 
although gastrointestinal side effects were higher in occurrence with acarbose [55]. 
Acarbose showed a higher failure rate (42%) in establishing glycemic control com-
pared to glyburide (21%). Neonatal hypoglycemia occurred in one acarbose-treated 
subject, one insulin-treated subject, and eight glyburide-treated subjects. Only four 
neonates (16%) developed macrosomia, which is after receiving glyburide therapy.

Although in this short trial, failure to achieve glycemic control with acarbose 
was higher if compared to glyburide, the decreased incidence of hypoglycemia and 
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macrosomia underlines acarbose as an appealing agent to investigate in future GDM 
treatment studies. Accordingly, in the recent investigation published by Jayasingh  
et al. (2020), it was proposed that acarbose can be seen as an effective and 
adequately tolerated choice for the management of GDM [56]. Namely, this pro-
spective, open-label, and controlled study was designed to compare the fetoma-
ternal outcomes in pregnant women with GDM designated to insulin or acarbose 
group. Thus, no difference was found if the following parameters were paralleled 
in between the groups: the incidence of recurrent infections, preeclampsia, or 
premature rupture of membranes; then the modes of delivery, mean postoperative 
random blood glucose, fasting blood glucose level at day 7 and after 6 weeks; and 
finally difference in the mean birth weight of offspring born to mothers treated 
with either of the two pharmacological agents.

Even though using acarbose in diabetic patients has been linked to abnormal 
liver enzymes and hepatic failure, a newer study did not show a higher risk of liver 
injury during acarbose treatment [57]. Acarbose can pass through the placenta. In 
pregnant animal investigations, doses up to 32 times higher than the human dose 
were not proven to be teratogenic. On the other hand, it induces stomach cramps 
and may raise prostaglandin E, suggesting that it possess the potential ability to 
induce labor [58].

3. Supplementation and traditional treatment options

The efficacy of vitamin and mineral supplementation in GDM patients is still 
under investigation. However, today is known that in GDM, low levels of vitamin D,  
vitamin E, and magnesium have been detected, whereas glucose metabolism, anti-
inflammatory, and anti-oxidative stress have been all positively regulated after 
vitamin D, vitamin E, magnesium, and selenium supplementation, which was also 
confirmed in the very recent meta-analysis reported by Li et al. [59]. In the same 
manner, 6-week-long Mg-Zn-Ca-vitamin D co-supplementation reduced biomarkers 
of inflammation and oxidative stress in GDM women [60]. To continue, the improve-
ment in glycemic control and decline of adverse fetomaternal outcomes after  
vitamin D supplementation (including Cesarean section, postpartum hemorrhage, 
maternal hospitalization, neonatal hyperbilirubinemia, giant children, fetal distress, 
polyhydramnios, premature delivery) was underlined by Wang et al. [61].

Dietary adjustments accompanied with lifestyle modifications are known to 
achieve normoglycemia in a majority of women with GDM, especially underlining 
careful attention to type and amount of dietary carbohydrates [62]. In this context, 
myoinositol, a dietary supplement knowing to decrease insulin resistance, became 
extensively investigated [63]. It represents inositol isomer organically present for 
example in legumes or nuts, but also synthesized in kidneys and liver to a certain 
extent. Accordingly, recent findings pointed out that, if started shortly after the 
GDM diagnosis, myoinositol (1000 mg twice daily, per os) was shown to be effec-
tive in reaching glycemic control and reducing the need for additional pharmaco-
therapy [64].

Traditional Chinese medicine and herbal products, known to be broadly utilized 
during human history, now belong to a very interesting field currently investigated 
in the frame of GDM [65]. So far, herbs such as Zuo Gui Wan, red raspberry tea, and 
Orthosiphon stamineus all provided valid possibilities in reducing glucose and alle-
viating the GDM-related pathophysiology, and at the same time with good safety 
profile to the mother and neonate [66]. In addition, the antidiabetic potential of 
glycyrrhiza flavonoids from traditional Chinese medicine, as adjuvants for insulin 
therapy, could be especially beneficial in GDM [67].
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Finally, probiotics supplementation in improving glycemic control and attenuat-
ing some of the adverse events related to GDM is a very interesting and appealing 
scientific issue that needs further elucidation [68, 69].

Even though new and promising results are published every day, novel investiga-
tions and, most of all, well-designed standardized protocols are needed for obtain-
ing original, comparable, and sustainable results in this field of adjuvant GDM 
treatment.

4. Conclusions

In the twenty-first century, GDM poses a significant challenge to health care 
professionals. The short- and long-term effects of successfully controlling GDM 
are important for both the mother and the fetus. This chapter provided data related 
to proposed pharmacological treatment options for GDM, further evaluating each 
therapy’s unique characteristics, benefits, and drawbacks in comparison with the 
alternatives. Most guidelines recommend oral pharmacological therapy, such as 
glyburide and metformin, and it is now widely used, with data on efficacy and 
safety. They can both be used as the first-line option; however, metformin appears 
to be preferable to glyburide in terms of newborn and maternal outcomes, while 
it is associated with a higher incidence of failure to achieve appropriate glycemic 
control. Analogs such as detemir, aspart, and lispro, which have been thoroughly 
proved for their safety and efficacy during pregnancy, are indicated as first-line 
therapy or when oral medication fails to achieve optimal glucose control. Glargine 
can be used during pregnancy, while there is not as much data to back it up as there 
is for other long-acting analogs and human insulins.

Therefore, the pharmacological treatment for GDM should be adapted to the 
patient’s characteristics, glycemic profile, and preferences, as well as local profes-
sional body guidelines. While insulin has typically been used to treat GDM, both 
metformin and glyburide may be used, but patients should be informed about the 
risks and advantages.

Pharmacotherapy of GDM is still under investigation, even though much is 
known about GDB itself. We can witness that the molecular understanding of GMB 
has been constantly translated to more efficacious and safer therapeutic options. 
Still, we expect that coordinated and well-focused basic and clinical investigations 
will provide even more precise information regarding future choices for prevention 
and adequate, as well as timely treatment of GDM.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 7

GDM-Induced Vascular Injury 
and Its Relationship with Fetal 
Metabolic Impairment
Cristian Espinoza

Abstract

Cardiovascular diseases are a significant health problem worldwide. To date, 
there is a lack of awareness that perinatal factors can predispose to CVD before 
birth. Gestational diabetes mellitus is an increasingly prevalent disease associated 
with poor fetal outcomes and CVD in the offspring. Evidence from the last decades 
suggests that GDM causes endothelial dysfunction and impairs nutrient transfer 
across the placenta to the fetus. These pathological features are associated with 
altered vascular and trophoblastic homeostasis in the placenta, predisposing the 
offspring to vascular injury, altered metabolic condition, and future CVD. This 
chapter focuses its discussion on the to-date understanding of GDM fetoplacen-
tal vascular and nutrient transfer impairment that causes, along with the latest 
advances, limitations, and questions that remain unresolved in this field.

Keywords: gestational diabetes mellitus, cardiovascular diseases, pregnancy, 
hyperglycemia, endothelial cells

1. Introduction

Almost one of every three adults worldwide dies because of cardiovascular 
diseases (CVD), making them the most prevalent cause of morbidity and mortality 
[1]. Several factors increase the risk of suffering a CVD. They can divide into two 
groups: modifiable and non-modifiable [2]. The former are those factors that can 
be controlled and modified by behavior, such as physical activity and diet, while 
the latter ones cannot be changed, like age and genetics. Environmental factors 
include air pollution and exposure to heavy metals, such as arsenic or lead, and the 
WHO recognizes them as important CVD risk factors. They could be considered 
“modifiable”; however, considering that most of the population affected by envi-
ronmental pollution live in medium to low-income countries, their modification 
might be complex. An excellent review on this topic was published elsewhere [3]. 
The apparition of pathological conditions during pregnancy such as pre-eclampsia 
[4], maternal supraphysiological hypercholesterolemia (MSPH) [5], or gestational 
diabetes mellitus (GDM) [6] alters the fetal environment and is associated with 
an increase an increased risk of CVD in the offspring. They might be considered 
“between” modifiable and non-modifiable: In the gestational state, controlling the 
disease might prevent the fetal vascular impairment; however, after birth, there is 
a lack of evidence regarding treatments for improving their outcome and might be 
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considered a non-modifiable factor. Most of the published research focuses on the 
repercussions of maternal health after suffering pregnancy disease [7, 8]. Still, their 
effects on the cardiovascular health of the fetus have been less described.

Over the last decades, the evidence associating pregnancy diseases and fetal 
outcomes has grown. Regarding MSPH, the apparition of fatty streaks on tunica 
intima of large arteries at fetal stages [9], probably related to alterations in nutri-
ent transfer through the placenta [10], increases the risk of future cardiovascular 
events. Sadly, this condition is frequently underdiagnosed [11], and for a solid 
understanding of its prognosis more studies are needed. Preeclampsia is a relatively 
common complication of pregnancy [12]. It is associated with a slight but sustained 
increase in diastolic and systolic pressure on the offspring that seems to maintain 
for life [13, 14]. Preeclampsia also is related to Intrauterine Growth Restriction [15], 
which, in turn, is associated with an impaired vascular and metabolic condition 
[16], predisposing the offspring to worst cardiovascular outcomes. Finally, GDM 
is a more common disease with global prevalence between 6 and 7% (Europe and 
United States) and 9 and 13% (South and Central America, Asia, Africa) [17]. The 
prevalence over the last decades has been increasing in most countries [18–21]; this 
might relate to the increase in maternal body mass index and the age of a pregnancy 
[18]. In terms of fetal cardiovascular impairment, a recent meta-analysis found that 
the offspring whose gestation was affected by GDM present higher basal glucose 
and systolic pressure [6]. In another large study, GDM pregnancies increased the 
prevalence of early-onset CVD by almost 30% in the offspring [22]. This worldwide 
statistical information urges researchers and clinicians to study the repercussions 
of GDM-complicated pregnancies further. Even more, an association between 
GDM and preeclampsia has been recently described [23, 24]. This relation can be 
explained at a systemic level by the increase in the age at which women become 
pregnant and the augment in body mass index told before; besides, both are related 
to damage on endothelial cells (EC), impairing vascular homeostasis [23]. Finally, 
between GDM and MSPH, a relation was recently suggested [25, 26], where EC in 
the placental vasculature and trophoblasts might have a crucial role; however, there 
is a considerable lack of evidence in this regard. At this point seems fair to suggest 
that EC is essential for the pathological development of the three conditions men-
tioned above. We will explore the GDM-induced vascular and trophoblastic injury 
and how it can probably impair fetal vascular health in the following pages.

1.1 Gestational diabetes mellitus pathophysiology

GDM is the apparition of spontaneous hyperglycemia in pregnancy without 
the previous diagnosis of a condition whose main feature is insulin resistance (IR) 
[27]. This definition is consistent with the evidence that GDM pathophysiology 
differs from pregnancies of women with prior diabetes in multiple aspects [28] as 
discussed later.

During a healthy pregnancy, the peripheral insulin sensitivity variates: In the 
early gestation increases to promote the fill up the glycogen and adipose stores [29], 
later it declines [30], increasing maternal systemic and placental glycemia. This 
reduction of insulin sensitivity (i.e., IR) occurs due to the pregnancy variation of 
systemic and placental hormones (for example, leptin, cortisol, estrogen, progesterone) 
[31] and is matched with a 2-fold increase in insulin secretion from pancreatic 
β-cells [32]. Late gestational hyperglycemia favors the transport of glucose to the 
fetus; however, it depletes the glycogen reservoirs and induces the use of fatty acids 
as fuel [33]. In GDM, maternal insulin sensitivity almost halves [34], implying two 
consequences: less accumulation of glycogen in both muscle and liver in the early 
pregnancy and faster use of them during late pregnancy. Furthermore, once the 
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glycogen stores deplete, the use of fatty acids to obtain energy is more pronounced 
than in physiological pregnancy, leading to hypertriglyceridemia (HTG) (Figure 1).

Nonetheless, the reader is invited to reflect that a broad spectrum of clinical 
conditions related to the variable peripheral state of IR can exist [35, 36]. Finally, 
HTG and hyperglycemia alter placental vasculature [37] and fetal metabolic 
homeostasis [22, 38]. These features will be the focus of the following sections.

1.2 Gestational diabetes mellitus diagnose

Even when most of the pathophysiological features are known, reaching a 
diagnostic criterion for GDM has been troublesome. Huhn et al. [39] recently 
published a review of this topic. To date, one of the most widely accepted defini-
tions is from the International Association of Diabetes and Pregnancy Study Group 
(IADPSG) [40]. The American Diabetes Association (ADA) agreed with IADPSG; 
however, first, they suggested a more flexible criterion than IADPS [41]. Table 1 
summarizes both.

The main difference between IADPS and ADA criteria is that the former 
considers that only one of the mentioned values needs to be altered to diagnose 
GDM. At the same time, ADA suggests that at least two of them must be present 
to diagnose GDM [41]. This slight discrepancy seems to be clinically significant: 
IADPS diagnostic of GDM increases two-fold [42] or three-fold [43] compared to 

Figure 1. 
Metabolic differences between first and third trimester in healthy pregnancies, with a low degree of IR and 
previously diagnosed Diabetes mellitus. Previous low degree of insulin resistance increases the risk of developing 
GDM in the third trimester; however, since it courses without significant symptoms, previous IR repercussions 
are not usually assessed. PGDM alters the placenta’s formation in the first trimester, leading to more significant 
complications on the mother and the fetus in the third trimester.
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ADA; moreover, using the IADPS criteria for diagnosis and treatment improves 
the adverse fetal outcomes of GDM [42, 43]. In this regard, ADA recent guidelines 
validated and included the IADPS criteria for GDM diagnosis [44].

1.3 Pregestational diabetes mellitus (PGDM)

Women’s pregestational condition has historically complexed the study of GDM. 
GDM tends to appear in women with a previous degree of IR, and insufficient 
insulin synthesis or release from the pancreas before gravidity [40]. However, for 
decades, GDM was described as “any degree of glucose intolerance with onset or 
first recognition during pregnancy” [42, 45], regardless of the prior existence of 
unrecognized IR. This definition implies a severe limitation. The test for GDM is 
usually performed between the second and third trimester; but the screening for 
metabolic perturbances on women at fertile age, before pregnancy, are not actively 
pursued or a worldwide practice. In this regard, at the time of the GDM diagnose, 
there are two potential scenarios (Figure 1):

• GDM “de novo”: the increase of IR at the third trimester will trigger the dis-
ease, leading both mother and fetus to a trimester of hyperglycemia and HTG.

• PGDM: the entire pregnancy will occur under a higher IR state, only being 
detected (and treated) from the third trimester and onwards.

Both conditions are clinically different. For example, birth weight over 4 kg, 
known as macrosomia, is associated with several fetal metabolic complications 
[46]. GDM is a risk factor of macrosomia; however, it has been recently suggested 
that PGDM might cause more severe and frequent metabolic complications, 
including macrosomia, in the fetus than GDM [28, 47]. A possible explanation for 
this might rely on more prolonged exposure to higher IR consequences, such as 
hyperglycemia and HTG. HTG in pregnancy on its own is associated with macro-
somia [48]; besides, increased blood glucose, the primary manifestation of both 
GDM and PGDM, is also associated with poorer fetal outcomes [6, 49]. Both cause 
oxidative stress [50, 51], cytokine release, and meta-inflammation [52] in the form-
ing placenta, impairing its ultrastructure and the nutrient transport to the fetus. 
Nonetheless, PGDM will expose the placental vasculature since its early forma-
tion to HTG and hyperglycemia. In the next sections, we will extensively discuss 
this topic.

1.4 Gestational diabetes mellitus induced vascular injury

As stated before, hyperglycemia and HTG are characteristic features of GDM 
and cause vascular injury on the placenta. Same as what happens on type 2 diabetes 

Test IADPSG ADA

Fasting glucose ≥92 mg/dL ≥95 mg/dL

1-h glycemia after OGTT* ≥180 mg/dL ≥180 mg/dL

2-h glycemia after OGTT* ≥153 mg/dL ≥155 mg/dL

*OGTT: oral glucose tolerance test after a charge of 75 g of oral glucose.
• Both entities consider that this evaluation must be performed between 24 and 28 weeks of gestation.
• The first sample must be taken after 8 h of fasting.

Table 1. 
Diagnostic values for GDM.
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mellitus, GDM altered glucose metabolism on placental vasculature increases 
the production of reactive oxygen species (ROS) leading to oxidative stress (OS) 
[53, 54]. OS, in turn, favors the activation of Nuclear Factor kappa Beta and other 
pro-inflammatory pathways [55]. In GDM, the placenta itself expresses inflam-
matory cytokines [56]. Inflammation and OS will further induce systemic and 
placental IR, reducing the entry of glucose to cells [32, 57], impairing glycogen 
synthesis at the muscle and liver, leading to hyperglycemia and HTG. This oxidative 
and inflammatory state will also induce endothelial dysfunction (ED) impairing the 
vascular response to tissular metabolic needs, altering nutrient transfer to the fetus, 
and increasing the expression of adhesion molecules. To understand better the 
pathophysiological features of GDM on placental blood vessels and how it impairs 
the fetal metabolic condition, it is necessary first to summarize the main character-
istics of the human placenta.

1.4.1 Development of the placental vascular system

In this section, we will explore the main features of placental development. For 
an in-depth study on this topic, the reader is invited to review the recent publica-
tion done by Turco et al. [58]. In brief, after the fertilization, the zygote will course 
with successive divisions forming the blastocyst, which will, in turn, adhere to the 
endometrium and invade it. The most external epithelial layer of the blastocyst 
will produce various trophoblast cell types and generate the primary syncytium 
below the implanted embryo [59]. The outer trophoblasts cells will differentiate 
and fusion, creating the syncytiotrophoblasts [60], whereas the inner cells will 
differentiate in cytotrophoblast. The syncytiotrophoblasts invade the endometrium 
and give rise to lacunas, spaces filled with maternal blood that will enlarge, merge, 
and develop the trabecular system of the forming placenta. The structure formed by 
both cell types around the lacunae is the primary villi. Later, the fetal mesenchyme 
will penetrate the villous core forming a structure known as secondary villi. Finally, 
vascular capillaries will appear within the center of fetal mesenchyme, forming the 
tertiary villi after the third gestation week. In the following weeks, angiogenesis 
predominates, increasing capillary density in the villi by developing new branches 
from preexisting vessels. Thus, the surface area for nutrient and oxygen exchange 
between the mother and the fetus increase [61]. At this point, in terms of vascular 
development, the placenta has reached its maturity (Figure 2). It is important to 
note that there are other essential structures in placentogenesis; however, they are 
beyond the scope of this chapter.

1.4.2 Diabetes impact on placental vascular formation

Tertiary villi arise at half of the second trimester. The pathological difference 
between PGDM and GDM becomes essential at this stage: from the implantation, 
and onwards, PGDM will expose the trophoblastic layer to an insulin-resistant, 
hyperglycemic, and hypoxic environment. Exploring the detrimental effects of 
both conditions is complicated since it needs the interruption of the pregnancy 
in human studies. Nonetheless, recent data permitted insight into the alterations 
caused by GDM or PGDM on the early placenta.

Spiral arteries in the endometrium are invaded by trophoblasts and remodeled 
[62]. This remodeling turns them into a resistance vessel, favoring the fell of arterial 
pressure, increasing placental blood flow. This process occurs by a coordinated 
proliferation, differentiation, and invasion of the trophoblasts, further forming 
the placenta. Several growth factors, including insulin-like growth factor I (IGF-I), 
and II (IGF-II) among others, released from the same trophoblasts [63] and other 
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placental cell types, stimulate this process [64]. The placenta of GDM is heavier 
than healthy pregnancies, at least from the second trimester [65] and onwards [66]. 
This process is not fully understood; however, some findings have elucidated the 
role of growth factors. Placentas of IR pregnancies have an increased number of 
cytotrophoblasts, syncytiotrophoblasts, and EC due to a higher proliferation rate 
[64]. Consequently, placental vascularization in GDM is also enhanced by increased 
angiogenesis [67]. Differences in expression and secretion of growth factors from 
GDM trophoblasts themselves seem likely [68]. This increase in proliferation 
and angiogenesis has been shown in term placentas [68, 69]; yet, a recent study 
found that high IR is associated with a decrease in trophoblasts’ proliferation 
and increased apoptosis on first-trimester placentas [70]. Another recent work 
suggested that hyperinsulinemia can also exert those detrimental effects [71]. 
Apoptosis is low in early healthy pregnancies placentas [72], progressively increas-
ing until term [73]. On GDM, apoptosis analysis has led to conflicting results, 
showing a decrease [74] or an increase [75] in term placentas. Different technical 
approaches or the criteria used to diagnose GDM might explain these discrepancies; 
therefore, more detailed studies are needed. In summary, IR impairs the signaling of 
growth factors on vascular and trophoblast cells, diminishing the development and 
invasion respectively at the first trimester; however, as gestation progresses, more 
growth factors are secreted in a compensatory manner further increasing the size, 
weight, and the number of blood vessels in the placenta.

Figure 2. 
The human term placenta. Maternal blood reaches the intervillous space (lacunae) through spiral arteries. 
Then, nutrients and oxygen cross the cytotrophoblasts from the microvillous membrane to the basal membrane 
and gets to the fetal blood vessels.
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Among growth factors, IGF-I and IGF-II are potent stimulators of placental  
vascular growth, acting through their cognate receptor or insulin receptor. It is 
important to note that the insulin receptor has two isoforms: A and B. Isoform 
B presents a sequence of 12 amino acids in the α subunit that A does not have. 
This slight difference gives them different intracellular signaling and substrate 
affinity. Isoform A is associated with a mitogenic phenotype via mitogen-activated 
protein kinases (MAPK), while Isoform B induces metabolic modulation via protein 
kinase B (Akt). Moreover, IGF-II interaction with insulin receptor A induces cell 
growth and invasion, while insulin activity on the same isoform protects from 
apoptosis [76]. This differential action may explain the differences observed in 
the regulation of apoptosis and cell cycle described above. Exposure to increased 
insulin levels reduces the insulin receptor and IGF-I receptor’s signaling via insulin 
response element I and downstream targets such as Akt [63]. At this point seems 
fair to hypothesize that IR impairs placental vascular development by altering the 
insulin and IGF-I receptor signaling, dysregulating proliferation, and apoptosis. 
This impairment might explain the high immaturity level of the villous observed in 
the GDM placenta [77]. Concordant with this hypothesis, human umbilical veins 
endothelial cells (HUVEC) increase MAPK signaling probably via isoform A of the 
insulin receptor in GDM [78]. Insulin exposure reestablishes the downstream signal-
ing and membrane expression of both isoforms [78], making it an attractive thera-
peutic alternative; however, the effectiveness of insulin is highly dependent on the 
previous IR state. Indeed, obese women that develop GDM respond worse to insulin 
treatment than lean, diminishing the insulin receptor presence at the membrane and 
lesser downstream signaling [79, 80]. It is important to note that maternal obesity 
does not mean necessary IR; however, since most studies do not present evidence 
from the pregestational state, this suggestion seems fair to be made. More studies are 
needed taking this consideration since insulin does not seem to be always the better 
option. An excellent review on this matter has been published elsewhere [81].

Finally, disruption of insulin and IGF receptors signaling, observed in IR states, is 
related to insufficient trophoblasts invasion, pregnancy-associated hypertension, and 
increased pregnancy complications, including abortion [63]. In this regard, insulin 
signaling in the placenta seems crucial and will focus on in the next section.

1.4.3 Placental vasomotor alterations on GDM

The human placenta has no autonomic innervation, so vascular tone regulation 
is performed by the myogenic tone and humoral and metabolic factors. Humoral 
factors include norepinephrine [82], renin-angiotensin system (RAS), and vaso-
pressin [83]. The three of them impair invasion of the trophoblast in spiral arteries 
and alter placental vascular homeostasis. This phenomenon has been studied in 
pre-eclampsia; however, in GDM, there is a lack of evidence pointing to its potential 
pathological role. Strikingly, GDM increases the risk of pre-eclampsia from the 
first trimester and onwards [84]. Indeed, GDM curses with some of the same pre-
eclampsia’s placental vascular complications (i.e., placental hypoxia and ED) [85]. 
In particular, maternal vasopressin does not seem to affect fetal blood flow [86], 
same as norepinephrine [87]. Nonetheless, the latter is related to a reduction in fetal 
oxygen delivery. This is likely to happen in pregnancies of women with prior diabe-
tes [88] and GDM [89]: both conditions increase catecholamines plasmatic concen-
tration in part because of hyperglycemia [90]. Moreover, norepinephrine augments 
IR [91, 92], and epinephrine diminishes insulin secretion from the pancreas [93]. 
In summary, upregulation of catecholamines in GDM negatively impacts placental 
vessel homeostasis; however, further studies are needed to explore this issue.
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Several studies have highlighted the physiological role of the RAS system in 
placental development and function. A review in this regard has been recently 
published elsewhere [94]. In brief, the placenta presents all the components of RAS 
[95]. After implantation, tissular hypoxia induces syncytiotrophoblast formation, 
the remodeling of the spiral arteries, and angiogenesis. Angiotensin II receptor 1 
(AT1R) expression is increased by hypoxia in trophoblasts and spiral arteries, 
augmenting the expression of angiogenic factors [96]. In healthy pregnancies, AT1R 
is highly expressed in the trophoblasts in the first and second trimester, declining 
its levels on the third [97]. However, if hypoxia persists, the expression of AT1R 
remains high until the end of the pregnancy [98]. As mentioned above, GDM incurs 
placental hypoxia, which might increase AT1R expression in trophoblasts [99], 
vascularity in the placenta and placental weight. AT1R expression due to GDM also 
increases in other vascular beds in rodent models, increasing vascular resistance and 
systemic arterial pressure [99]. Further, GDM increases the plasma concentration 
of angiotensin II (AGII), and permanent exposure to AGII induces vasoconstric-
tion, diminishing placental blood flow and fetal oxygen delivery [100]. Also, IR 
in GDM may cause hyperinsulinemia, which in turn enhances the AT1R [101] and 
AGII [102] expression. In this regard, the relation between RAS and GDM seems 
to be even more complex. Higher plasma levels of soluble renin/prorenin recep-
tor in the early pregnancy relate to an increased risk of developing GDM in late 
pregnancy [103]. This observation is in concordance with the fact that inhibitors of 
RAS, such as losartan, improve the vascular condition in human diabetes [104, 105] 
and rodent models of GDM [106]. Furthermore, GDM also increases the plasma 
concentration of aldosterone [107], an end product of RAS. Interestingly, hyperal-
dosteronism is associated with ED [108], which will be the subject of the following 
section. Nevertheless, to the best of my knowledge, this issue has not been assessed 
on fetoplacental vessels of GDM. Finally, increased AGII umbilical cord levels are 
associated with increased IR in GDM offspring [109]. Lesser perfusion of the β-cells 
can explain this due to vasoconstriction and a reduction of insulin sensitivity [110]. 
Indeed, blockade of RAS ameliorates IR [111]. Both processes converge in EC, where 
AGII increases ROS production, favoring oxidative stress (OS) [112]. In turn, GDM 
placenta incurs in OS [54], which impairs insulin signaling in multiple points and 
induces an inflammatory response mediated by Nuclear Factor kappa B, JNK, and 
p38 MAPK [113]. On the other hand, AT1R stimulation increases the apoptosis 
in villous explants and trophoblasts, which associates with pre-eclampsia [114], 
an event that might also happen in GDM; however, further studies are needed to 
explore this intricate process.

1.4.4 Endothelial dysfunction on GDM

ED is characterized by imbalanced vasodilation and vasoconstriction, elevated 
ROS, inflammation, and a deficit of nitric oxide (NO) bioavailability [115, 116]. All 
these phenomena occur in the GDM placenta, leading to an increased vascular tone 
and reduced perfusion.

Arachidonic acid is the precursor of thromboxane A2 (TXA2), a vasoconstric-
tor, and prostacyclin, a vasodilator. The synthesis of both can occur in EC. TXA2 
acts through the TXA2 receptor (TR), present in the human umbilical vein. 
Besides, non-enzymatic oxidation of arachidonic acid produces isoprostanes [117], 
which can also interact with TR and induce constriction. GDM placentas show an 
increased synthesis of isoprostanes [54], probably due to the increased production 
of ROS. In GDM [118] and preeclampsia [119] the prostacyclin/TXA2 ratio is lower 
in the placenta. Interestingly, OS in trophoblasts increases the concentration of 
TXA2 but not prostacyclin, pointing to ROS as the responsible for this mechanism 
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that increases the vascular tone. Endothelium-derived hyperpolarization (EDH) 
is mostly unexplored in placental vessels, yet it may play a role in GDM placental 
vascular impairment. EDH exerts vasodilation via stimulation of the Ca2+-activated 
K+ channels, which hyperpolarize vascular smooth muscle cells (VSMC) [120]. It is 
hard to guess if GDM alters this mechanism. Preeclamptic pregnancies show a lesser 
EDH effect [121]; however, type 2 diabetes mellitus increases the EDH effect [122]. 
Further studies are needed to elucidate if EDH impairs or compensates ED in GDM.

Nitric oxide (NO) is probably the most characterized endothelium-derived 
vasodilator agent. Indeed, some consider that NO is the most potent vasodilator in 
the human placenta [123]. Due to its biological relevance, it is not surprising that its 
bioavailability is highly regulated. For instance, NO depends on the cellular intake 
of L-Arginine and the activity of the nitric oxide synthases. In EC, endothelial nitric 
oxide synthase (eNOS) is the primary source of NO, and cytosolic calcium, protein 
kinase A, and AKT favor the activity of this enzyme [124]. Insulin stimulates eNOS 
via AKT; besides, diabetes impairs this stimulation reducing eNOS activity, while 
reduction of NO induces IR, forming a vicious cycle [125]. On the other hand, NO 
acts on the VSMC, causing dilation via guanylyl-cyclase; however, it favors apop-
tosis [126] and inhibits proliferation [127] of the same cell type. VSMC apoptosis 
reduces the capability of resistance vessels to contract; in contrast, AGII favors 
proliferation via ROS activation of p38 MAPK [128]. Interestingly, a recent publica-
tion observed that GDM increases the insulin receptor isoform A and IGF 1R [129]. 
This gives consistency to the observations stated before: GDM enhances RAS and 
insulin receptor isoform A signaling in the placenta, both favoring the proliferation 
of VSMC; however, even when the machinery to produce NO upregulates in GDM 
[130], a reduction in its bioavailability is observed probably due to depletion by 
oxidative stress [131]. In turn, NO reduction inhibits apoptosis and further favors 
proliferation of VSMC, which will increase vascular tone, reduce perfusion, increas-
ing hypoxia, and stimulate angiogenesis and even more OS. Nonetheless, even when 
consistent, this idea (Figure 3) needs further experimental support.

Figure 3. 
Mechanisms of GDM-induced endothelial dysfunction in the human placenta. Insulin resistance, 
hyperinsulinemia, hyperglycemia, hypertriglyceridemia (HTG), and high plasma concentration of free fatty 
acids (FFA) characterize GDM. These alterations induce vasoconstriction, hypoxia, and reactive oxygen species 
(ROS) production. ROS, in turn, will increase thromboxane A2 (TxA2) and isoprostanes in endothelial cells, 
further favoring vasoconstriction. ROS also upregulates the adenosine signaling, and the adenosine/L-Arginine/
nitric oxide axis will be upregulated; however, insulin resistance diminishes endothelial nitric oxide synthase 
(eNOS) phosphorylation and nitric oxide (NO) production. Also, ROS will interact with NO and produce 
peroxynitrite, reducing NO bioavailability.
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l-Arginine also determines the synthesis of NO by eNOS. l-Arginine is trans-
formed in l-citrulline for NO production by eNOS [123]; so, NO production is 
dependent on intracellular l-Arginine content. Cationic amino acid transporter 
1 (hCAT-1) is the main responsible for the entry of l-Arginine to the cell in the 
human [132]. Interestingly, insulin, OS and the activation of adenosine receptor 
A 2A (ARA2A) induce hCAT-1 expression [133]. In this regard, even when in GDM 
impairs insulin signaling, OS and the activation of ARA2A will favor the expression 
of hCAT-1 and secure the l-Arginine entry. OS can also induce the activation of 
adenosine receptor [134]. However, the insulin effect over hCAT-1 expression and 
activity has been described as requiring functional ARA2A in HUVEC [135]. GDM 
hinders adenosine transport to the cell, increasing its extracellular concentration 
[136, 137]. Extracellular adenosine will activate ARA2A, which will induce vasodila-
tion [133]. Interestingly, adenosine can also interact with adenosine receptor A 2B 
(ARA2B), which is expressed in microvascular EC and induces angiogenesis [138]. 
The high adenosine concentration facilitates the ARA2B activation and may relate 
to the increased vascularization and weight observed in GDM placentas. A recent 
work has shown that adenosine induces fetal vessels constriction; however, GDM 
impairs its vasoconstrictor effect [139]. Going back to the above, even when the 
whole adenosine/l-Arginine/NO axis raises in GDM, the lesser bioavailability of 
NO impedes its biological effect. Likewise, NO deficit might explain why GDM 
reduces the insulin vasodilatory effect [131]. In this regard, endothelial dysfunction 
by GDM not only affects vasodilation but vasoconstriction as well, hindering the 
capability of the endothelium to regulate the vascular tone.

Finally, it is crucial to note that hypoxia [140] and hyperglycemia [141] 
induce OS. Interestingly, hyperglycemia on its own can induce hypoxia [142]. 
Mitochondrial impairment is probably the most important source of ROS in 
GDM; an excellent review has been made elsewhere [143]. Further, a recent work 
described mitochondrial dysfunction in cytotrophoblast and syncytiotrophoblast 
from GDM pregnancies. The latter seems to be more comprised in terms of ATP 
generation and increases the expression of antioxidants [144]. Nonetheless, this 
impairment is more profound when higher grades of IR are present [113] and the 
pregestational condition is highly relevant [143]. Insulin can increase the produc-
tion of antioxidants; however, in GDM placentas, the expression of antioxidants is 
increased constantly [145], making them less responsive to future oxidants insults. 
Finally, ROS can react non-enzymatically with NO, producing peroxynitrite, which 
has been shown to inhibit mitochondrial respiration and damaged mitochondria 
[146], making a vicious cycle for ROS production.

1.4.5 Placental altered nutrient transfer on GDM and fetal metabolic injury

Hyperglycemia and HTG are the most common metabolic alterations in 
GDM. Recent work evidenced that HTG in early pregnancy is related to IR, β-cell 
dysfunction, and hyperglycemia [147]. Umbilical cord blood analysis has demon-
strated that GDM causes fetal hyperinsulinemia proportional to maternal IR [148]. 
Triglyceridemia remains unaltered, but LDL concentrations increase and HDL 
diminishes in cord blood of GDM deliveries and directly associates with macroso-
mia [149]. Intriguingly, triglyceridemia remains unaltered since maternal HTG is 
better related to macrosomia than hyperglycemia itself [150–152]. In this regard, 
the relationship observed between HTG and macrosomia in GDM might have two 
possible causes: an increase in the fetal delivery of free fatty acids (FFA) posterior 
to the action of lipases or the impairment of placental homeostasis due to ED. 
The first hypothesis does not seem likely: even when GDM curses with high FFA 
maternal plasma concentration [153], cord blood FFA content remains unaltered 
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in GDM deliveries [154]. In this regard, the second hypothesis seems more plausi-
ble. HTG is related to ED; however, a mechanistic explanation is lacking to date. A 
recent review was made about this topic elsewhere [155]. A probable explanation 
for ED lies in macrophage activation by triglyceride-rich lipoproteins like Very-
Low-Density Lipoprotein (VLDL) [156]. VLDL also induces ROS production and 
expression of inflammation mediators such as Tumoral Necrosis Factor α (TNF-α) 
in EC [157]. Interestingly, TNF-α favors IR and hyperinsulinemia in GDM [32], 
hindering insulin-mediated vasodilation. Also, the oxidative environment induced 
by triglycerides may favor the NO consumption, establishing the ED. Nonetheless, 
further studies are needed to address this issue in GDM placentas.

Finally, glucose transport in the placenta is regulated by maternal glycemia and 
by the expression and activity of glucose transporters (GLUT). For transportation 
from the mother to the fetus, glucose must go through the microvillous membrane 
(MVM), at the maternal side, to the basal membrane (BM) on the fetal side [158]. 
At least 6 GLUT transporters have been identified in the placenta: GLUT1, GLUT3, 
GLUT4, GLUT8, GLUT9, and GLUT12. Nonetheless, the most abundant isoforms in 
the placenta are GLUT1 and GLUT4. GLUT1 levels increase in syncytiotrophoblasts 
along with the pregnancy progression [159]. GLUT1 expresses in the MVM 3-fold 
than in the BM. Thus, crossing the BM is the rate-limiting step for glucose transport 
to fetal circulation [160]. Indeed, increased content of GLUT1 is correlated propor-
tionally with fetal weight and macrosomia [161]. GLUT4 expression, contrarily to 
what was thought before [159], increases during gestation in the MVM, but only in 
healthy lean women [162]. In GDM, interestingly, insulin lowers mRNA of GLUT4; 
besides, various authors found increased GLUT1 expression [79, 163, 164]. Even 
more, GLUT1 upregulation is more profound in PGDM [164]. In this regard, it 
seems fair to suggest that GLUT 1 in the BM is critical for GDM pregnancy com-
plications due to increased glucose transport [165]. Hyperglycemia should limit 
GLUT1 expression in trophoblasts and favor its movement from the membrane 
to the cytoplasm [166, 167]; however, in GDM, this does not seem to happen. A 
mechanistic study is necessary to address this issue. Finally, an increased transfer of 
maternal insulin to the fetus could explain hyperinsulinemia observed in the fetal 
cord of GDM deliveries. Nonetheless, near 1% maternal insulin crosses the placenta 
[168]. This could hardly cause an increase in fetal insulinemia; however, it may 
contribute. In this regard, the Modified Pedersen hypothesis offers a better explana-
tion: Maternal hyperglycemia passes through the placenta to the fetus; then, from 
the second trimester and onwards, the fetal pancreas responds to hyperglycemia 
with hyperinsulinemia, further favoring glucose disposition in fat stores and the 
anabolic effects of insulin, resulting in macrosomia [169]. This could also explain 
the vascular alterations observed in the GDM offspring; however, further research 
for addressing this issue is needed.

2. Conclusion

GDM is a complex condition that affects both fetus and mother. Its impact on 
the offspring includes vascular and metabolic impairment before birth, predispos-
ing them to early CVD. The real prevalence of GDM worldwide is unknown and 
might go beyond our expectations since it is mostly underdiagnosed. Moreover, 
the differential impact of previously diagnosed diabetes in pregnancy has begun to 
elucidate in the last few decades. On the other hand, the reader is invited to reflect 
that the pathological IR state in pregnancy is not a “black-or-white” matter but a 
continuous spectrum of possible conditions and fetal outcomes that needs to be 
assessed in every pregnancy individually. Including the assessment of HbA1c and 
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lipid profile test in the first trimester, evaluation might improve the diagnosis of 
PGDM and foresee the future GDM development.

Previous IR state and PGDM hinder syncytiotrophoblast invasion in maternal 
vessels and the placenta formation; however, there is still much to research and 
learn from this subject. After development, GDM will continuously expose the pla-
centa to a hypoxic environment that will impair vascular function due to increased 
OS and inflammation. HTG, hyperglycemia, and increased FFA will favor this pro-
oxidant environment, causing ED. The regulation of the vascular tone by EC will 
impair favoring vasoconstriction and further tissular hypoxia. The nutrient transfer 
to the fetus will alter on this condition, exposing it constantly to hyperglycemia. 
Persistent hyperglycemia will damage its blood vessels and force its β-cells to secrete 
insulin extensively, causing metabolic and vascular impairment that will predispose 
it to CVD before its birth.
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Chapter 8

Gestational Diabetes Mellitus and 
Maternal Microbiome Alterations
Dalia Rafat

Abstract

The maternal microbiome has been identified as a critical driver for a variety of 
important mother and child health outcomes. Studies have demonstrated changes 
in maternal microbiome during pregnancy. These changes may have an impact on 
the maternal metabolic profile, play a role in pregnancy problems, and contribute 
to the metabolic and immunological health of the offspring. Gestational diabetes 
mellitus is a major challenge for prenatal healthcare providers, not only because 
of the negative short and long-term effects on the mother’s and baby’s health, but 
also because its aetiology has been poorly understood till now. The developing 
link between maternal microbiome and metabolic disorders in pregnancy can be 
offered as a new target in their prevention and treatment, as well as in reducing 
their negative health outcomes; however, there has been very little research done 
on this. Diabetes’ impact on site-specific maternal microbiome alterations during 
pregnancy is similarly poorly understood. Given the rising prevalence of diabetes 
in pregnancy and the potential importance of the maternal microbiome, more 
research is needed to understand and rigorously examine how metabolic disorders 
in pregnancy affect the pregnancy-associated microbiome, as well as whether these 
microbial alterations affect the health of the mother and her offspring.

Keywords: pregnancy, gut microbiota, vaginal microbiota, oral microbiota, 
gestational diabetes mellitus

1. Introduction

The human body harbors complex community of microorganisms over  different 
sites in the body [1]. Numerous microorganisms live in the human body and main-
tain a stable symbiotic relationship with the host, which is essential for human 
health. These unique microbial communities residing on and in the human body 
comprise “Human microbiome”. The Human Microbiome Project [1], launched to 
demonstrate the human microbial flora and its association with human health, char-
acterized the microbial communities residing over five areas in the body: oral cavity, 
nasal cavity, skin, gastrointestinal tract and genitourinary system. They found that 
more than 10,000 microbial species harbor the human body and successfully identi-
fied around 81–99% of genera constituting the human ecosystem [1].

The significance of the human microbiome in preserving health is becoming 
increasingly evident, and it may potentially guard against unfavorable health 
outcomes by stimulating or suppressing both genetic and environmental risk 
factors. The gut microbiome, for example, has been linked to the body’s immune 
system, since it protects against various invading bacteria [2]. Likewise, the healthy 
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vaginal microbiome has an important role in the prevention of various cervicovagi-
nal infections [3]. Besides a variety of diseases have been linked to an imbalance in 
the human microbiota. The use of human microbiome as disease biomarkers has 
become a promising strategy [4, 5]. Studies have discovered that using microbiome 
composition and alterations to diagnose diseases has a lot of promise [6].

2. Pregnancy and human microbiome

Women underwent a variety of physiological changes throughout pregnancy. 
During pregnancy, the maternal body habitat microbiome composition changes as 
well [7, 8]. The maternal microbiome has been recognized as a key determinant of a 
range of important maternal and child health outcomes, and together with perina-
tal factors influences the infant microbiome [9].

The microbiome alterations and disturbances during pregnancy and neonatal 
life has received great interest in recent years owing to the crucial role it plays in 
reproductive health. These changes may have an impact on the maternal metabolic 
profile, play a role in pregnancy complications, and contribute to the metabolic and 
immunological health of the offspring [9], implying that microbial communities’ 
interactions with pregnant women are crucial.

3. Gestational diabetes mellitus and human microbiome

Diabetes and related metabolic disorders are rapidly increasing among pregnant 
women throughout the world [10, 11]. Gestational Diabetes Mellitus (GDM) is a 
major challenge for obstetric practice not only because of the adverse short and long 
term fetomaternal health consequences but also because of its improperly under-
stood etiology till now. Current prevention strategies focusing on changes to diet 
and physical activity have resulted in limited success leading to an urgent need for 
alternative strategies.

The significance of the microbiome in many physiological processes involved in 
health and the development of various diseases is still unknown. Due to increased 
inflammation, insulin resistance, and weight gain in women with GDM, it has 
been postulated that the physiological adaptation of the microbial pattern seen in 
pregnancy is disrupted in women with metabolic illnesses, such as GDM [8, 12].

Microbiome and its alterations at various body sites has been demonstrated to 
influence metabolic disorders by a number of researchers. As only few scant studies 
are done on microbiome’s complexity of different body compartments in GDM 
[5, 13], their interactions and exact role in the pathogenesis of GDM is still not clear. 
Some researchers have indicated that GDM has no clear effect on the microbial 
composition [14] while others have found that the microbiota of GDM patients and 
normal pregnant women differs significantly [5, 13, 15].

Studies have demonstrated that microbiome of different body compartments 
like gut/oral/vaginal microbiome influences gestational development and metabolic 
disorders. It however is still not clear whether there is an interaction between the 
microbiome of the different compartments and their role in GDM pathogenesis.

3.1 GDM and gut microbiome

Human gut microbiome is becoming more well acknowledged as key contribu-
tor to host metabolism and health [16]. The maternal gut microbiota changes 
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dramatically during pregnancy [8] and has been linked to a variety of adverse 
pregnancy outcomes, including obesity, gestational hypertension and GDM [17]. 
Researchers are exploring the gut immune system as a new therapeutic target for 
systemic inflammation in insulin resistance. As a result, the gut microbiota has 
been the focus of several investigations on GDM and several recent investigations 
have found specific changes in gut microbiome between pregnant women with and 
without GDM [5, 18–22]. According to current theories, the proposed pathogenesis 
of insulin resistance due to dysbiosis of intestinal microbiota; include influencing 
inflammatory responses [23], boosting fat accumulation [24], controlling bile acid 
metabolism [25], and regulating amino acid metabolism [26].

Understanding the gut microbiota’s alterations will not only help us better 
understand GDM pathogenesis but will also promote prospective preventive 
approaches for GDM based on gut microbiota modification. Although various 
studies have linked maternal gut microbiota dysbiosis to GDM, the exact potential 
role of gut microbiota in the etiology of GDM is still unclear. Future large-sampled 
well-designed studies are required to elucidate the role of gut bacterial dysbiosis in 
the pathogenesis of GDM, and in exploring gut microbiota-targeted biomarkers as 
potential predictors of GDM.

3.2 GDM and vaginal microbiome

The healthy vaginal microbiome has an important role in the prevention of bac-
terial vaginosis, vaginal candidiasis, and other cervicovaginal infections [3]. During 
pregnancy, there is a change in the structure of the vaginal microbiome [7, 27], 
which contributes in increasing the presence and stabilization of Lactobacillus in 
the vaginal microbiome [27, 28]. Besides preventing bacterial invasion, the vaginal 
microbiome has been postulated to play vital role in timing parturition, hormone 
secretion and, importantly, seedling of infant microbiome during birth.

Emerging studies have reported link between the vaginal microbiome and 
metabolic illnesses such GDM [20, 29]. Studies have demonstrated increased 
inflammatory cytokine expression in GDM, together with the presence of 
potentially pathogenic bacteria, indicating a dysbiotic profile of the vaginal 
microbiome [20].

Researchers have speculated on the role of the vaginal microbiota in pregnancy 
outcomes, which have been shown to have a negative impact on neonatal and infant 
health, as well as the association of the vaginal microbiome with both health and 
disease states, but there are few studies to validate these speculations. According 
to the limited scarce studies on this subject, pregnant women with hyperglycemia 
have a greater prevalence of vaginal infections, and both hyperglycemia and an 
aberrant vaginal dysbiosis are linked to poor fetomaternal outcomes [12, 20, 29]. 
Exploring the vaginal microbiome alterations of women with GDM and its rela-
tionship to adverse pregnancy outcomes could help in the early detection and 
treatment of dysbiotic alterations that could lead to poor maternal and neonatal 
outcomes.

3.3 GDM and oral microbiome

The oral microbiome has been proposed in the development of a variety of dis-
eases, but its link to GDM is still a mystery. Recent studies have shown substantial 
changes in the oral microbiota between GDM and non GDM patients in pregnancy 
and puerperium [30] indicating potential role of the oral microbiome as noninva-
sive GDM biomarkers.
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Numerous studies have demonstrated a link between GDM and periodontitis 
[31, 32]. The incidence of GDM has been reported to be higher in people with 
periodontitis. Periodontal infection has been linked to an increased risk of GDM via 
disrupting endocrine metabolism and blood glucose regulation [33], although it is 
unclear whether the relationships between these two diseases are caused by micro-
biome alterations.

Future large scale studies are required to analyze the oral microbiome of GDM 
patients and healthy pregnant women to see whether there are any links between 
GDM and two main oral diseases: dental caries and chronic periodontitis. Also 
studies are required to find appropriate oral microbial markers for constructing 
GDM classification models and establish simple and noninvasive techniques for 
supplementary diagnosis and daily GDM follow-up.

4. Conclusion

There is potential importance of the maternal microbiome for maternal and 
infant health. Pregnancy-related changes to the maternal microbiota are evolution-
arily adaptive to promote the nutrition and development of the mother and fetus 
during pregnancy, and the child after birth. The developing link between maternal 
microbiota and metabolic disorders in pregnancy can be offered as a new target in 
their prevention and treatment, as well as in reducing their negative maternal and 
neonatal outcomes, however there has been very little research done on this. Lack of 
robust research on the impact of diabetes on the maternal microbiota during preg-
nancy is also a problem. Large longitudinal cohort studies of racially and ethnically 
diverse mother-child dyads are required to rigorously examine how hyperglycemia 
in pregnancy modifies the pregnancy-associated microbiota and the mother-to-
newborn vertical transfer of microbiota, and to consider whether these microbial 
alterations affect the health of the mother and her offspring, and if these microbial 
alterations can ultimately be targeted for interventions that improve public health.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 9

Future Risks for Children Born 
to Mothers with Gestational 
Diabetes: Elucidation Using the 
Cell Model Approach
Ritsuko Kawaharada and Akio Nakamura

Abstract

A number of studies have shown that foetal nutritional status significantly 
impacts an unborn child’s long-term health. The developmental origins of health 
and disease (DOHaD) hypothesis proposes that if a child is undernourished in 
the foetal period, the child will develop diabetes and hypertension in the future if 
adequate nutrition is given after birth. Moreover, hyperglycaemia (e.g. gestational 
diabetes mellitus [GDM]) experienced during foetal life can reportedly cause vari-
ous complications in children. As diabetes is increasing worldwide, so is GDM, and 
many studies have been conducted using GDM animal models and GDM cell lines. 
We examined the effects of streptozotocin-induced diabetes, particularly on the 
heart of offspring, in rat GDM animal models. We also analysed primary cardio-
myocyte cultures isolated from these GDM rats and found that insulin signalling 
was inhibited in GDM cells, as in the GDM animal models, by increased advanced 
glycation end products. Furthermore, the effect of eicosapentaenoic acid during 
pregnancy has been reported in GDM animal models and cells, and the findings 
indicated the importance of nutritional management for GDM during pregnancy.

Keywords: developmental origins of health and disease, fetus, high glucose, 
hyperglycaemia, advanced glycation end products, eicosapentaenoic acid

1. Introduction

Several studies have shown that foetal nutritional status has a significant impact 
on an unborn child’s long-term health. Barker et al. found that areas with high neo-
natal mortality between 1921 and 1925 had higher cardiovascular mortality between 
1969 and 1978 [1]. Barker et al. later reported that low birth weight correlated 
with glucose intolerance and cardiovascular disorders [2, 3]. Furthermore, they 
also proposed the Barker theory that “prenatal undernutrition increases the risk of 
lifestyle-related diseases in adulthood” [4]. Later, Gluckman and Hanson proposed 
the developmental origins of health and disease (DOHaD) hypothesis, which states 
that predisposition to lifestyle-related diseases is shaped by gene–environment 
interactions during fertilisation, embryonic development, foetal life, and infancy 
and that excessive nutrition after birth leads to the development of diabetes and 
hypertension (Figures 1 and 2) [5, 6].
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Figure 1. 
Foetal nutritional status has a major impact on postnatal health. It has been shown that even if the mother 
is undernourished during pregnancy, if the child is well nourished after birth, the child will develop diabetes 
and metabolic syndrome in the future. This has been defined as the developmental origin of health and 
disease (DOHaD) hypothesis. By contrast, GDM, an excessive nutrition (high glucose) environment during 
pregnancy, similarly increases the child’s risk of developing diabetes and metabolic syndrome in the future. 
Many studies have reported that nutritional status during pregnancy has a significant impact on the health 
of the child.

Figure 2. 
The diseases envisioned through the developmental origins of health and disease (DOHaD) hypothesis include 
learning disabilities, schizophrenia, high blood pressure, coronary heart disease, dyslipidaemia, decreased renal 
function, autism spectrum disorders, depression, and type 2 diabetes.
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This hypothesis is also supported by many epidemiological studies, which now 
clearly show that low birth weight increases the risk of developing a diverse array of dis-
eases, such as coronary artery disease, hypertension, stroke, diabetes, obesity, and met-
abolic syndrome. One example is the findings during the Dutch winter famine, wherein 
calorie intake had been temporarily lowered to 700 kcal/day for six months in 1944 due 
to the food embargo in the Netherlands during World War II. Children born during 
this period exhibited an increased risk of developing various diseases in adulthood, 
including glucose intolerance, lipid disorders, and ischemic heart disease. Moreover, 
during the starvation caused by China’s Great Leap Forward policy, those born during 
this period reportedly had an increased risk of type 2 diabetes and hypertension [7, 8]. 
Highly accurate and detailed birth record data such as birth weight, postnatal weight, 
and placental size were recorded at the University of Helsinki Hospital from 1934 to 
1944. Barker and his colleagues analysed the records and found that children with low 
birth weight were more likely to develop myocardial infarction, diabetes, and hyperten-
sion, as well as cognitive decline and depression in the future [9–12].

It is very difficult to prove a causal relationship between these foetal intrauterine 
environmental factors and their effects on the development of postnatal health and 
illness. However, in recent years, basic research using pregnant animal models as 
well as cell models are gradually clarifying the underlying molecular mechanism. 
In this chapter, we will introduce the findings on the effects of overnutrition, as rep-
resented by gestational diabetes mellitus (GDM), on animal offspring, rather than 
discuss findings from the perspective of undernutrition during the foetal period, 
which has already been extensively studied.

The structure of this paper is as follows: the introduction section describes the 
DOHaD theory and provides a description on the increasing number of diabetic 
patients worldwide; Section 2 provides an overview of gestational diabetes; Section 
3 describes the use of GDM animal models; Section 4 describes studies using 
hyperglycaemia cell models; and Section 5 describes the latest research on drug and 
diet therapy for GDM.

2. Gestational diabetes mellitus

The International Diabetes Federation (IDF) estimates that the global diabetes 
population continues to increase with 463 million people being pre-diabetic in 2019 
with a projected increase of up to 578 million by 2030. In addition, one in six women 
will develop abnormal glucose metabolism during pregnancy. The IDF has identified 
women with diabetes as a key challenge, with measures to improve the control of all 
types of diabetes being needed [13]. The prevalence of type 1 and type 2 diabetes 
in women of childbearing age is increasing, affecting about 1% of all pregnancies. 
Prevention is also important because of the increasing costs of diabetes care. Babies 
with extremely low or high birth weight are at high risk of diabetes [10]; therefore, 
nutritional management during pregnancy is important. Furthermore, inadequate 
glycaemic control in early pregnancy is associated with increased rates of con-
genital malformations, spontaneous abortions, stillbirths, and perinatal mortality 
[14–18]. It may also be associated with various pregnancy complications as well as 
neurodevelopmental disorders in the offspring. Similarly, long-term problems in the 
offspring due to insulin resistance may increase the risk of cardiovascular disease, 
hypertension, and diabetes mellitus (metabolic syndrome).

GDM is one of the most frequent complications of pregnancy, with an increasing 
rate [19, 20]. The prevalence of GDM varies in direct proportion to the prevalence 
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of type 2 diabetes and is higher among Hispanic, African American, Native 
American, Asian or Pacific Islander, and South Mediterranean women [21, 22]. 
It also varies by maternal age and diagnostic criteria [23, 24]. Since 2010, the 
international Association for the Study of Diabetes and Pregnancy (IADPSG) has 
tightened the criteria for the diagnosis of GDM, based on the 2008 Hyperglycemia 
and Adverse Pregnancy Outcomes (HAPO) study [25]. The reason for this was that 
the HAPO study reported a higher risk of macrosomia in newborn born to mothers 
with high blood glucose levels, even though GDM was not diagnosed using the pre-
vious criteria [26]. As a result, many GDM patients have been identified. The HAPO 
study was a large observational study of approximately 25,000 pregnant women 
with impaired glucose tolerance conducted in 15 centres across 9 countries; the 
correlation between blood glucose levels was examined at 24–32 weeks’ gestation 
with various pregnancy complications [27]. The endpoints of the diagnostic criteria 
for GDM were perinatal factors (heavy-for-dates infants, first caesarean section, 
neonatal hypoglycaemia, and hyperinsulinemia in the infant). The results showed 
that these perinatal complications were significantly associated with maternal 
blood glucose levels, even after adjusting for confounding factors such as maternal 
obesity. Furthermore, many epidemiological studies have shown that children born 
with GDM are associated with future development of noncommunicable diseases 
(NCDs) such as obesity and diabetes. Clausen et al. reported that the hyperglycae-
mic environment in utero and genetic background are associated with the future 
development of diabetes in children [28]. Sugihara et al. reported that infants born 
with macrosomia were also associated with childhood diabetes compared with low 
and normal birth weight [29].

Maternal undernutrition as well as GDM in an overnutrition environment are 
associated with the development of NCDs in future infants, indicating the impor-
tance of nutritional management during pregnancy (Figures 3 and 4) [29].

Figure 3. 
Similar to GDM, if the mother is hyperglycaemic, the foetus becomes exposed to hyperglycaemia. If 
hyperglycaemia persists, the foetus will develop insulin resistance and complications such as macrosomia and 
hypoglycaemia.
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3. Animal model for gestational diabetes mellitus

Diabetes in pregnancy increases the risk of various complications for both 
the mother and the child. However, the pathogenesis of GDM and its molecular 
mechanisms have not yet been fully elucidated. Animal and cell models are mainly 
used in basic research regarding GDM. GDM animal models play a major role in 
elucidating the pathogenesis and pathophysiology of diabetes, as well as elucidat-
ing the mechanisms of its complications. They also provide the theoretical basis 
for early detection and prevention of GDM and the subsequent clinical dosing and 
drug evaluation. Diabetes mellitus in humans is associated with complications such 
as peripheral neuropathy, nephropathy, and retinopathy in about 50% of cases, but 
there are few animal models that develop all complications; moreover, the animal 
models are selected according to the research purpose. The most widely used spe-
cies for diabetes animal models are the mouse and rat. The animal models for type 
1 diabetes range from animals that spontaneously develop autoimmune diabetes to 
those that chemically destroy pancreatic beta cells.

3.1 Spontaneous diabetic models

Spontaneous diabetic animals are not only produced by natural or selective 
breeding, but also by introducing genes from wild mice. The non-obese diabetic 
(NOD) mouse and bio breeding (BB) rat are the two most commonly used animals 
that spontaneously develop diseases similar to human type 1 diabetes. The NOD 
mouse was established by Makino et al. in the Shionogi Laboratory [30]. The BB rat 
was discovered in a commercial colony of Wistar-derived rats at the Bio-Breeding 
Laboratories in Ottawa, Canada [31].

The Goto-Kakizaki (GK) rat was established by Goto and Kakizaki as a  
non-obese, hypoinsulinemic model of type 2 diabetes [32]. GK rats are a diabetes 
model mainly due to their trait of non-obesity insulin deficiency established as 
in an inbred line by selective mating from Wistar rats using impaired glucose 
tolerance [33]. The Spontaneously Diabetic Torii (SDT) rats were established 
through inbreeding by selecting and mating Sprague–Dawley rats who developed 

Figure 4. 
The neonatal complications of GDM include foetal death, macrosomia, neonatal hypoglycaemia, 
hyperbilirubinemia, and neonatal respiratory distress syndrome; GDM also puts the mother at increased risk 
of developing type 2 diabetes (T2D) and cardiovascular disease in the future.
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diabetes [34]. The SDT rat is a novel model of type 2 diabetes that is non-obese, 
has hypoinsulinemic diabetes, and is characterised by the presence of diabetic 
retinopathy in individuals with prolonged hyperglycaemia [35]. Diabetes is 
prominent in males of this model, with diabetes occurring in almost 100% of 
males at 40 weeks. SDT rats develop proliferative retinopathy and are used as a 
model for human diabetic retinopathy [36].

3.2 Obese type 2 diabetes model animals

Spontaneous obesity-diabetes models (ob/ob mice, OLETF rat, KK and KKA 
mice, TSOD mice, SMXA5 mice, and Kuma mice) can be analysed for physiological, 
biochemical, and pathological changes during the onset and progression of type 2 
diabetes [37].

Ob/ob mice exhibit prominent overeating, are obese at 2 weeks of age, and reach 
a body weight of 40 g at 6 weeks and 60 g at 14 weeks. Later, in addition to overeat-
ing and obesity, the mice exhibit hyperglycaemia, hyperinsulinemia, and high blood 
glucagon levels. Insulin resistance is observed in the peripheral tissues and the liver.

Otsuka Long-Evans Tokushima Fatty (OLETF) rats were established as inbreed-
ing strains through the selective mating of diabetes-developing individuals found in 
Long-Evans rats. Binge eating obesity is exhibited immediately after weaning, and 
urinary sugar appears from 40 weeks after birth. Diabetes onset is prominent in 
males [38].

The KK mouse was established as an inbreeding strain from the experimental 
mouse produced in the Kasukabe region of the Saitama prefecture in Japan and was 
named KK mouse after Kasukabe [39]. KK mice are dominated by many diabetic 
genes, but their pathology is mild. Therefore, the KK-Ay mice were created, wherein 
the naturally mutated obesity gene, Ay, was introduced [40].

KK-Ay mice develop severe obesity and hyperglycaemia 7–8 weeks earlier than 
KK mice. The incidence of diabetes in males is approximately 100%. Nagoya-
Shibata-Yoshida (NSY) mice were established as inbreeding strains by selecting and 
mating ICR mice with impaired glucose tolerance. Impaired glucose tolerance and 
elevated blood glucose are exhibited after 8 weeks, and impaired glucose tolerance 
occurs in almost 100% of males at 48 weeks [41].

Tsumura Suzuki Obese Diabetes (TSOD) mice were established as inbreeding 
strains by selecting and mating ddY mice, which are highly reproductive non-
inbred mice, exhibiting urinary sugar and obesity. During the growth period of 4 
to 20 weeks of age, strong overeating is observed, and obesity is exhibited; more-
over, hyperglycaemia and abnormal lipid metabolism due to insulin resistance are 
likewise exhibited. The symptoms are strongly expressed in males [42].

SMXA5 mice are SMXA mice with recombinant inbreeding strains, as well as a 
high-fat diet-induced type 2 diabetes and fatty liver [43]. Impaired glucose toler-
ance and hyperinsulinemia frequently develop from 10 weeks of age. For Kuma 
mice, genome editing technology was used to obtain mice lacking glutamine, the 
104th amino acid of the insulin 2 protein, from the immunodeficiency model BRJ 
mice [44]. This mouse has elevated blood glucose levels after 4 weeks of age.

3.3 Animal model of chemistry-induced diabetes mellitus

Type 1 and type 2 diabetes models can be created by destroying islet of 
Langerhans cells in the pancreas through drug administration. The main advantages 
of this method are its relative ease in inducing a model of diabetes, not requiring the 
use of a specific strain, and the short development time. Most of these animals have 
type 1 diabetes, but depending on how the drugs are administered, models similar 
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to type 2 diabetes can also be created. The drugs used are streptozotocin (STZ) or 
alloxan (Alx). STZ is a nitrosourea derivative isolated from Streptomyces achromo-
genes [45]. Drug-induced diabetic rats can also be created from mature rats by intra-
venous administration of 30 mg/kg STZ or 40 mg/kg Alx. STZ administration to 
adult rats will produce a type 1 diabetic model, and administration to neonates will 
produce a type 2 diabetic-like model. Induction is usually done in early pregnancy, 
before the foetal pancreas has developed, to avoid foetal beta cell destruction by 
the chemicals being utilised. Alx can create a diabetes model by generating reactive 
oxygen species (ROS) in the beta cells of the pancreas and destroying these cells.

3.4 Surgically-induced models

Surgical models of diabetes were first created through canine pancreatectomy. 
In particular, GDM models were created through canine pancreatectomy at various 
stages of gestation [46]. The disadvantage of this model is that it lacks specificity, 
as both endocrine and exocrine tissues are removed, causing other symptoms not 
associated with diabetes mellitus. This is a model of GDM due to insulin deficiency, 
and not insulin resistance [46]. As mentioned above, there are spontaneous animal 
models and transgenic animal models of diabetes, but most of them often show 
remarkable symptoms in males. Since the pregnancy and childbirth of hypergly-
caemic mothers are often difficult, the effects of the intrauterine hyperglycaemic 
environment on children cannot be observed. Thus, we used chemical virulence 
factors to cause specific damage to the beta cells in the pregnant animal’s pancreas, 
inducing complications similar to GDM. Therefore, we obtained the offspring from 
the GDM animal model by mating normal Wistar rats and then administering STZ 
to the tail vein, rather than using diabetic model rats.

4. Intrauterine hyperglycaemia-mimicking cell model

In the case of GDM, foetation is exposed to maternal hyperglycaemia through the 
placenta during the foetal period. The DOHaD study described in the Introduction 
mainly focused on the effects of inadequate nutrition during the foetal period (intra-
uterine undernutrition environment) on the future development of disease in the 
offspring [4–6]. When the womb provides over-nutrition, the offspring will exhibit 
numerous complications, as previously described. Recently, studies have been 
conducted that mimic the hyperglycaemic environment by changing the glucose 
concentration in the medium using primary cultured cells and cell lines. Nerve cells 
and skeletal muscle cells, among others, in which cells differentiate and their fate 
is determined during the foetal period, are important. Although it is possible to use 
primary cultured cells isolated from foetal organs for these studies, the experiments 
may be limited because the differentiated cells do not proliferate. Therefore, by using 
a cell line, the cells can be handled more easily than primary cells.

Myocardial blasts established from rats are often used as heart model cells [47]. 
The exposure of H9C2 cells to Dulbecco’s modified Eagle’s medium containing 
50 mM high glucose was compared with a medium containing 5.5 mM glucose (the 
normoglycemic level), and the H9C2 cells reportedly exhibited apoptosis in the 
high glucose medium [48]. Another study with H9C2 cells showed that simvastatin 
has an autophagy-mediated cardioprotective effect; this study used a cell model 
wherein exposure to 200 mM high glucose induced cardiomyocyte apoptosis [49]. 
Studies using these myocardial blast cell lines suggest that high glucose in an intra-
uterine hyperglycaemic environment has a profound effect on foetal myocardial 
blast signalling and proliferation.
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PC12 cells, which are pheochromocytoma cells derived from the adrenal gland 
of Rattus norvegicus, are often used in the study of nerve cells [50]. PC12 cells can 
be differentiated using the nerve growth factor (NGF) to investigate the effects on 
neurons [51]. Furthermore, high glucose has been shown to cause oxidative stress-
induced apoptosis in dopaminergic neurons. Studies with PC-12 cells revealed a cor-
relation between hyperglycaemia and neurodegeneration using a PC-12 cell model 
exposed in a high glucose medium. Resveratrol, a polyphenol contained in red wine, 
suppresses nerve cell death due to apoptosis induced by a high glucose environment 
[52]. Similar studies have been conducted on PC12 cells, indicating that resveratrol 
or alpha-lipoic acid protected PC12 cells from HG-induced oxidative stress and 
apoptosis through activation of the PI3K/Akt/FoxO3a signalling pathway [53, 54]. 
These results suggest that the intrauterine hyperglycaemic environment during 
pregnancy may lead to inflammation and apoptosis of foetal neurons due to long-
term exposure to foetal hyperglycaemia.

Next, we present a study of the effects of high glucose on cells in a skeletal 
muscle cell model of GDM. Skeletal muscle is an essential organ for energy metabo-
lism. During foetal development, myoblasts differentiate into skeletal muscle dur-
ing development. Several cell-level studies on how the hyperglycaemic environment 
affects the differentiation of myoblasts into skeletal muscle are being conducted. 
In a cell model using mouse myoblasts C2C12, high glucose exposure of 25 mM 
was shown to accelerate myogenesis by rearranging SUMO enzyme transcripts and 
SUMO proteins [55]. However, other experiments with C2C12 have shown that 
even higher glucose concentrations of 60 mM inhibit the expression of the MyoD 
and myogenin genes, as well as the Akt signal, suppressing skeletal muscle dif-
ferentiation [56]. High glucose was also shown to interfere with the proliferation of 
muscle-specific stem cells and satellite cells under adherent culture conditions [57]. 
Therefore, it is suggested that hyperglycaemia may promote sarcopenia. Glucose is 
also suggested to be a factor that determines the cell fate of skeletal muscle-specific 
stem cells. Recently, we found that high glucose (25 mM) in the medium increases 
the expression of skeletal muscle differentiation marker genes such as MyoD and 
myogenin compared to normal glucose levels (5 mM), resulting in ROS develop-
ment and Akt signalling. The differentiation of myoblasts into skeletal muscle was 
reportedly promoted by high glucose [55]. The appearance of unusually large babies 
with gestational diabetes complications may be due in part to excessive muscle 
differentiation.

5. Our study on intrauterine hyperglycaemia

While there have been many studies using animal and cellular models of GDM, 
few studies have analysed the effects of GDM on the pups born from it. We have 
previously studied the effects of STZ-induced GDM on the heart of pups using a rat 
model of GDM. In this section, we describe (1) the effects of a high-fat diet during 
pregnancy on the hearts of GDM rat pups, (2) the effects of fish oil intake during 
pregnancy on the hearts of GDM rat pups, and (3) the effects of eicosapentaenoic 
acid (EPA) intake during pregnancy on primary cardiomyocyte cultures isolated 
from GDM rat pups.

5.1  Effect of a high-fat diet on stillbirth rate during pregnancy in GDM model 
rats

GDM model rats were created by administering STZ (50 mg/kg) into the tail vein 
of Wistar rats on the second day of pregnancy. To investigate the effect of a high-fat 
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diet during pregnancy on the pups, GDM rats were fed a high-fat lard diet (56.7% 
fat) containing saturated fatty acids and a control diet (7% fat). The stillbirth rate of 
GDM rats on the high-fat lard diet was much higher than that of GDM on the control 
diet [58]. Palmitic acid, a saturated fatty acid, has been reported to cause inflamma-
tion and cardiac dysfunction in animal and cellular level experiments [59]. In addition 
to exposure to hyperglycaemia in utero, the consumption of a high-fat lard diet high 
in saturated fatty acids may have impaired cardiac function in the pups.

5.2 Effect of fish oil intake on the heart of rat pups in the GDM model

In this study, we examined the effects of fish oil (which is rich in ω3 unsaturated 
fatty acids) on pups, based on reports that fish oil has a positive effect on cardiovascular 
diseases [60, 61]. GDM rats were fed a high-fat fish oil diet (14% fish oil + 7% lard), a 
high-fat lard diet rich in saturated fatty acids (21% lard), and a normal diet (7% lard), 
and the heart signals of the pups were then analysed. The pups of GDM rats fed the 
lard diet had higher stillbirth rates and triglyceride levels, but these were improved in 
the pups fed the fish oil diet [62]. An examination of Akt-related signalling revealed 
that pups born to GDM rats fed a lard diet had reduced levels of Akt phosphorylation, 
which is important for sugar uptake. Interestingly, however, these signalling abnormali-
ties were ameliorated in the hearts of pups born to GDM rats fed a fish oil diet during 
pregnancy.

5.3  Effect of EPA intake on primary cardiomyocytes of rat pups in the GDM rat 
model

Our results indicate that intrauterine hyperglycaemia induces abnormal 
insulin signalling in the foetal heart. Why does abnormal heart signalling occur 

Figure 5. 
Prolonged hyperglycaemia leads to excessive glycation of proteins and accumulation of advanced glycation end 
products (AGEs), which induce inflammation and inhibition of Akt-related signalling, resulting in insulin 
resistance. In addition, AGEs induced by hyperglycaemia lead to the production of ROS, which in turn induce 
apoptosis by increasing BAX and degrading caspase.
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in the pups? What components of fish oil can be ingested by pregnant mothers 
to improve the condition? Fish oil is a rich source of the n-3 unsaturated fatty 
acids EPA and DHA. EPA was chosen as a candidate because it has cardiovascular 
protective properties, and DHA is biosynthesised by the body from EPA. GDM 
rats were orally administered EPA through gavage during pregnancy. Primary 
cardiomyocyte cultures isolated from the hearts of the pups were examined for 
effects on the insulin signalling system [63]. We found that the inhibition of 
insulin signalling in primary cardiomyocyte cultures from GDM rats inhibited the 
translocation of GLUT4 to the plasma membrane. Why do these signalling abnor-
malities occur? In cultured primary cardiomyocytes from GDM rats, ROS was 
generated and an increase in excessive protein advanced glycation end products 
(AGEs) was observed. This AGEsation has been highlighted as a cause of ageing 
and disease. The accumulation of AGEsed proteins also increases the expression 
of the receptor of AGEs (RAGE), which triggers AGEs-RAGE signalling. This 
AGEs-RAGE signalling was found to increase various pro-inflammatory cytokine 
genes (IL-6, TNFα, and NF-κB) through JNK phosphorylation (Figure 5). These 
results indicate that exposure to hyperglycaemia in the foetus of GDM rats leads 
to increased AGEs oxidation and chronic inflammation. However, GDM rats fed 
EPA (an ω3 unsaturated fatty acid) during pregnancy were shown to ameliorate 
the abnormalities in the pups.

6. Diet and drug therapy for GDM

What other drugs are effective against GDM besides insulin? The effect 
of using metformin and insulin on GDM has already been reported [64]. 
Metformin is associated with a decreased incidence of GDM [65]. The weight 
of  metformin-treated neonates is lower than that of insulin-treated neonates. 
In addition, metformin-treated infants had lower rates of weight gain and 
malformations during pregnancy than insulin-treated infants. In contrast, 
 metformin-treated infants had greater weight gain in the neonatal period, 
with no difference in weight between those administered with insulin and 
metformin. This suggests that weight gain during this period may be linked 
to cardiovascular disease and indicates the need for additional research. We 
have previously investigated dietary treatment in GDM rats. EPA, an n-3 
unsaturated fatty acid, was administered to GDM rats from day 1 to day 22 
of gestation and the effect on new-born rats was investigated. In the heart 
of  puppies born to GDM rats, excessive AGE formation of cardiac proteins 
impaired signal transduction, but feeding EPA to GDM rats inhibited AGE 
formation and improved signal transduction. Since AGE is the cause of vari-
ous diseases [65], several drugs have been developed to inhibit AGEs. The 
accumulation of AGEs has been reported to induce inflammation and damage 
vascular endothelial cells, smooth muscle cells, and fibroblasts [66]. In addi-
tion to diabetes mellitus, other diseases wherein AGEs are involved include 
neurodegenerative diseases, cardiovascular diseases, chronic renal failure, and 
autoimmune diseases [67]. AGE formation inhibitors, AGE destroyers, AGEs-
RAGE inhibitors, and signal transduction inhibitors have been previously 
reported [68–72]. For example, studies on AGE formation inhibitors found that 
some amino acids in the plasma inhibit glycation by competitively inhibiting 
the molecular binding of glucose to proteins [73]. Furthermore, AGE-RAGE 
 inhibitors have been shown through animal studies to be protective against 
diabetic  nephropathy when DPP4 is deficient or when DPP4 inhibitors are 
added [74].
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7. Conclusion

Undernutrition or overnutrition during pregnancy has profound effects not only 
on the mother but also on the child. Children with GDM are focused on neonatal 
complications, but in the future, they may suffer from lifestyle-related and mental 
illnesses. Elucidation of these molecular mechanisms is becoming clear using 
animal models and cell models. Thus, GDM has a major impact on the mother as 
well as on the child and should be treated rigorously with medication and diet. 
Insulin is the main drug therapy for controlling blood glucose, but in addition to 
insulin, insulin resistance improving drugs such as metformin have been tried, but 
the safety is still unknown. Therefore, dietary management is essential for GDM in 
addition to safe medication.
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