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INTRODUCTION 

1. GESTATIONA DIABETES MELLITUS (GDM) 

1.1 Definition, diagnosis and epidemiology 

Gestational Diabetes Mellitus (GDM) is defined as any glucose intolerance with the 

onset or first recognition during pregnancy, usually resolving after delivery [1]. This 

condition is associated with adverse outcomes both for the mother and the offspring [2].  

For over 50 years, there has been a lack of consensus over the appropriate diagnostic 

criteria for GDM. The first diagnostic criteria were provided by O´Sullivan and Mahan 

in 1964 and were based on a 3-hour 100 g oral glucose tolerance test (OGTT) 

[3].  Between 1990 and 2005, there was a proliferation of guidelines with different 

diagnostic criteria, many based on a one-step method using a 75-g OGTT [4-5].  

The Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) Study, a large 

multinational and multicenter study on 23000 pregnant women, was designed with the 

goal to achieve consensus in the diagnosis of GDM by investigating the impact of 

maternal glycemia on the risk of adverse pregnancy and neonatal outcomes [6]. The 

HAPO study demonstrated a linear increase in the risk of primary outcomes, such as 

Large for Gestational Age (LGA), cord C-peptide, neonatal hypoglycemia (NH), and 

Caesarian Section (CS), with increasing degrees of hyperglycemia, as assessed by a  2-

hours 75-g OGTT. 

In 2010, the International Association of Diabetes and Pregnancy Study Groups 

(IADPSG) released new diagnostic criteria for GDM, based on the HAPO study 

outcomes [7]. The IADPSG criteria were later adopted by the American Diabetes 

Association (ADA), the International Federation of Gynecology and Obstetrics, and the 

Endocrine Society [8]. 
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At the first antenatal visit, IADPSG recommends screening pregnant women by using 

standard criteria to diagnose diabetes mellitus to identify women with “pre-existing 

diabetes”. A diagnosis of overt diabetes can be established in women who meet any of 

the following criteria: fasting plasma glucose level (FPG) ≥7.0 mmol/L (126 mg/dL), a 

casual plasma glucose of 11.1 mmol/L (≥200 mg/dL), or glycated hemoglobin (HbA1c) 

levels ≥6.5. The confirmation of the diagnosis precludes the need for an OGTT.  

If the early screening is negative, the IADPSG recommends universal screening to be 

performed at 24-28 gestational weeks with a 2-hours 75-g OGTT (the “one-step 

approach”). Gestational diabetes is diagnosed, if one or more values equal, or exceeds 

the following thresholds: FPG≥5.1 mmol/L (92 mg/dL), 1-h plasma glucose≥10 mmol/l 

(180 mg/dL) and 2-h plasma glucose ≥8.5 mmol/L (153 mg/dL). 

The OGTT should be performed after an overnight fasting of 8-14 hours, with the usual 

carbohydrate intake [7]. 

In Italy, in 2011 a panel of experts drew up national guidelines  including most of 

IADPSG recommendations;  the screening  is recommended to women at risk of GDM 

only [21]. High-risk women (individuals with obesity, prior GDM or a first-trimester 

FPG between 5.5 and 6.9 mmol/L (100–125 mg/dL)) should perform a selective 

screening at 16-18 weeks of gestational age. Medium-risk women, i.e. those with 

previous fetal macrosomia, a first-degree relative with diabetes, age ≥ 35 years, high-

risk race/ethnicity or overweight, should perform the OGTT at 24-28 weeks. High-risk 

women with a negative screening should be tested again at 24–28 weeks.  

 

GDM is the most frequent pregnancy complications, affecting around 14% of pregnant 

women worldwide according to the 2017 International Diabetes Federation (IDF) 

estimates [9]. The prevalence of GDM is in a direct proportion to the prevalence of type 

2 diabetes mellitus (T2DM) and is higher in African, Hispanic, Indian, and Asian 

https://link-springer-com.bibliopass.unito.it/article/10.1007/s00592-019-01397-4#CR21
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women than in the Caucasian population [10]. Recently, its prevalence has increased by 

2-3 times, owing to the adoption of the new IADPSG diagnostic criteria [11-12]. This 

dramatic rise in the GDM prevalence will have a major impact on the health care 

systems, and the consequences of labeling a large number of women with a GDM 

diagnosis are not known at present [13].  

 In Italy, GDM prevalence ranges between 3% and 10.8% [14-15]. In a multicenter 

study on 2750 pregnant women, the prevalence of GDM and impaired glucose tolerance 

(IGT) were 6.3% and 6.1%, respectively [16].  

 

1.2 Risk factors for GDM 

Several conditions increase the risk to develop GDM. Epidemiological studies are 

limited by methodological bias and the use of different diagnostic criteria and 

measurements, making difficult the comparisons among studies. 

The most common risk factors for GDM include: overweight/obesity [17], excessive 

gestational weight gain [9], westernized diet [18], ethnicity [19], genetic polymorphisms 

[20], advanced maternal age [21], intrauterine environment (low or high birthweight) 

[22], familial and/or personal history of GDM [23], and diseases related to insulin 

resistance, such as polycystic ovarian syndrome (PCOS) [24]. Each of these risk factors 

are either directly or indirectly associated with impaired β-cell function and/or insulin 

sensitivity.  

Dietary habits are associated with GDM, even independently of body mass index (BMI) 

and overall caloric intake. Diets that are high in saturated fats, refined sugars and red 

and processed meats have been associated with an increased risk of GDM [25-26], 

while an increased consumption of fiber, micronutrients and polyunsaturated fats has 

been associated with a reduced risk [27,28,29]. The inverse association between dietary 
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fiber and GDM may be the result of the reduction of appetite and glucose absorption 

[20]. Saturated fats directly interfere with insulin signaling [30] and induce 

inflammation and endothelial dysfunction that are both pathogenic factors for GDM 

[31]. On the other hand, omega-3 polyunsaturated fatty acids (PUFA) have anti-

inflammatory properties. A relationship between the intake of processed meat and GDM 

was found and seems to be independent from the content of fatty acids, cholesterol, 

heme iron and protein [32]. It has been suggested that nitrates (a common preservative 

in processed meats) and/or advanced glycation end products (AGEs), deriving from 

meat processing, could both play a role being implicated in β-cell toxicity [33]. 

Moreover, high-protein diets were found to be associated with GDM, independently of 

meat consumption [34-35]. This could be due to the role of amino acids as substrates for 

hepatic glucose production and hepatic lipotoxicity [36]. However, recent data failed to 

find a relationship between dietary intake of total and major protein sources and the risk 

of GDM [37]. 

 

1.3 Consequences of GDM  

GDM has wide-ranging consequences for both the mother and the fetus. 

Maternal consequences 

GDM increases the risk for short-term and long-term maternal health issues. There is an 

increased risk of pregnancy complications, including preterm birth, preeclampsia and C-

section delivery [2].  

It is estimated that 30–70% of women with a history of GDM will develop a Type 2 

Diabetes Mellitus (T2DM) within 15 years [38,39,40]. Even among women with normal 

weight, a history of GDM was related to more than a 6-fold increased risk of developing 
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T2DM later in life [41]. Each additional pregnancy confers a three-fold increase risk of 

T2DM in women with a history of GDM [42].  

Moreover, an increased risk for cardiovascular disease (CVD) among women with a 

history of GDM has been reported, which is only partly explained by the increased BMI 

of those women [43].  

Child consequences 

GDM causes short and long-term consequences for the infant. The increased placental 

transport of glucose, amino acids and fatty acids stimulate the fetus’s endogenous 

production of insulin and insulin-like growth factor 1 (IGF-1). These conditions can 

cause fetal overgrowth and macrosomia at birth [44]. Excess fetal insulin production 

can stress the developing pancreatic β-cells, contributing to β-cell dysfunction and 

insulin resistance [45]. Finally, fetal macrosomia is a risk factor for shoulder dystocia 

[46].  

The newborn form GDM mothers are at increased risk of hypoglycemia, which is likely 

due to the fetal hyperinsulinemia and can contribute to brain injury if not properly 

managed [46].  

In the long term, the offspring of GDM women are at increased risk of obesity, T2DM, 

CVD. They show an almost double risk of developing childhood obesity when 

compared with offspring from nondiabetic mothers, even after adjusting for 

confounders such as maternal BMI [47]. The risk of developing an impaired glucose 

tolerance greatly increases, being this impairment detectable at very young ages [48]. 

Furthermore, the daughters of GDM women are themselves more likely to experience 

GDM in their own pregnancies, thus contributing to a vicious inter-generational cycle of 

hyperglycemic complications [49]. 
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1.4 Management of GDM 

The cornerstone of GDM management is glycemic control. The first approach is the 

intervention on lifestyle habits, that include medical nutrition therapy and daily 

exercise. If the glycemic goals are not achieved by means of this approach, a medical 

therapy should be initiated. This latter will not be treated as my research focuses on diet. 

Blood glucose monitoring 

Women are instructed to carry out self-monitoring of blood glucose 4 times a day: 

fasting glucose and 1- or 2-hours post-meals. Monitoring after meals blood glucose 

should be preferred as the risk of macrosomia increases with increased post-meals 

maternal glucose levels, as demonstrated by randomized controlled trials [50-51]. 

HbA1C values are lower in pregnant women due to the insulin-independent glucose 

uptake by the fetus and placenta and the rise in red cell mass and turnover during 

pregnancy. For this reason, monitoring HbA1C values during pregnancy is not useful 

[52].  

Glycemic targets 

The glycemic goals for GDM women are: fasting glucose ≤5-5.3 mmol/L (90-95 

mg/dL), 1-hour post-meal glucose values ≤ 7.8 mmol/L (140 mg/dL), and 2-hours post-

meal values ≤ 6.7 mmol/L (120 mg/dL) [52]. 

Lifestyle interventions 

Medical nutritional therapy (MNT) is the keystone of GDM treatment and allows to 

reach glycemic goals in 80-90% of GDM women [53]. The optimal dietary prescription 
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would be a diet providing adequate nutrition to support fetal and maternal well-being 

and appropriate weight gain, while maintaining normoglycemia without ketosis [54]. 

Exercise has been shown to improve glycemic control in GDM. Daily moderate 

exercise (at least 30 minutes) is recommended in the absence of medical or obstetric 

contraindications [52]. 

 

1.5 Medical Nutritional Therapy for GDM 

Lifestyle interventions, that includes diet and exercise recommendations, are the 

cornerstone of prevention and correction of the hyperglycemia in pregnancy [52]. MNT 

includes an individualized nutrition plan developed by a registered dietitian with 

expertise in the management of GDM. The food plan should provide adequate calorie 

intake to promote fetal/neonatal and maternal health, achieve glycemic goals, and 

promote appropriate gestational weight gain [52]. Excessive weight gain should be 

discouraged as it further increases the risk of adverse pregnancy outcomes, fetal 

macrosomia and childhood obesity [55]. The recommended weight gain during 

singleton pregnancy depends on pre-pregnancy BMI: 12.5-18 kg of weight gain for 

women with underweight (BMI <18.5 kg/m2); 11.5-16 kg for normal weight (BMI 18.5-

24.9 kg/m2); 7-11.5 kg for overweight (BMI 25-29.9 kg/m2), and 5-9 kg for obesity 

(BMI ≥30.0 kg/m2) [56]. 

However, the efficacy of MNT is often scarce and there is no consensus about the 

optimal composition of the diet [57]. Most of the available studies were limited by small 

sample sizes, differences in maternal ethnicities or short duration of the interventions 

[58]. 
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Guidelines dietary recommendation 

Dietary recommendations greatly varied among the different guidelines and are often 

based on a low-grade of evidence [59]. 

The principal dietary recommendations are summarized in Table 1. 

 

Table 1. Nutritional recommendation in the available guidelines for GDM 

treatment 

Clinical practice 

guideline 
Energy restriction 

Macronutrient 

contribution to the 

energy intake 

Carbohydrate (CHO) 

Intake
 

Protein 

intake 

American College 

of Obstetricians and 

Gynecologists [60]  

CHO: 33%-40% 

Proteins: 20% 

Fats: 40% 

Complex CHO, ↓ glycemic 

index, ↑ fiber, CHO 

allocated in 3 meals and 2-3 

snacks 
 

American Diabetes 

Association [52]   

CHO: >175 g/d 

Fiber: 28 g/d 
>71 g/d 

Academy of 

Nutrition and 

Dietetics  

[61] 

 

Obesity: –30% of 

Estimated Energy 

Requirements 

CHO: 36.7%-60% 

(↓/medium GI) 

CHO: >65% in the 

Dietary Approaches 

to Stop 

Hypertension diet 

175 g/d, fiber 28 g/d,  

↓GI (<55),  

CHO distributed in 3 meals 

and ≥2 snacks 

>71 g/d (or 

1.1 g/kg/d) 

Endocrine Society 

[62] 

Overweight/Obesity 

Energy: 1600-1800 kcal/d 

Underweight/normal 

weight: No restriction 

CHO: 35%-45% 

Distributed in 3 small-to-

medium sized meals and 2-4 

snacks, with 1 evening 

snack 
 

International 

Federation of 

Gynecology and 

Obstetrics 

[63] 

Energy: 2050 kcal/d, 

irrespective of body weight 
CHO: 35%-45% 

>175 g CHO/d, ↓ GI, CHO 

distributed in 3 small-to-

medium sized meals and 2-4 

snacks. Evening snack 

needed to prevent overnight 

ketosis. 

Fiber: >28 g/d 

Diabetic 

nephropathy: 

↓ proteins to 

0.6-0.8 g/kg 

ideal body 

weight 

Italian Association 

of Diabetes/ Italian 

Society for Diabetes 

[64] 

Energy: >1500 kcal/d 

Underweight: 40 kcal/kg/d 

Normal weight: 30 

kcal/kg/d 

Overweight: 24 kcal/kg/d 

CHO: 50% 

Proteins: 20% 

Fats: 30% 

Fiber: 28 g/d 

Night snack:  

25 g CHO, 10 g 

proteins 

CHO >40% 
 

International 

Diabetes Federation 

[65] 

Overweight: <30% 

Estimated Energy 

Requirements  
↓ GI 

 

EI= Energy Intake; PRO= protein; CHO=Carbohydrates; GI= Glycemic Index; OW= overweight; OB= obese. 
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There is no definitive agreement about the optimal calorie intake for GDM women. 

Based on American Diabetes Association guideline, the food plan should be based on a 

nutrition assessment according to the Dietary Reference Intakes (DRI). The DRI for all 

pregnant women recommends a minimum of 175 g of carbohydrate, a minimum of 71 g 

of protein and 28 g of fiber. On the other hand, Italian guidelines do not provide a 

restriction in carbohydrates intakes, which should be around 50% of the whole energy 

intake and not <40% to avoid the risk of ketosis. A night/evening snack is 

recommended to prevent overnight ketosis and it should include 25 g carbohydrates and 

10 g proteins [64]. The evening snack is recommended by Endocrine Society guidelines 

too, that, on the contrary, suggest a carbohydrates restriction (35-45%) [62]. Similarly, 

the International Federation of Gynecology and Obstetrics and by American College of 

Obstetricians and Gynecologists recommends a carbohydrates reduction around 35-45% 

and 33-40% of whole energy respectively [60,63]. 

The indication to use low or medium Glycemic Index (GI) foods is provided by the 

Academy of Nutrition and Dietetics, the International Federation of Gynecology and 

Obstetrics and the International Diabetes Federation [63,65].  

Low-carbohydrates diets 

Historically, the main focus of MNT in GDM has been carbohydrates restriction, in 

order to reduce postprandial maternal blood glucose levels and the fetal glucose 

exposure and the risk of macrosomia [66]. Nevertheless, evidences of carbohydrates 

restriction in GDM are scarce and recently this strategy has been questioned due to the 

unintended consequences of the inevitable increase in fat intake [58,67]. 

In 1990, based on decades of clinical experience, Jovanovic-Peterson reported that 

carbohydrates restriction to 30–40% of total calories can be sufficient to control 
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postprandial hyperglycemia avoiding starvation ketosis [66]. The next year, the same 

authors reported in obese women with GDM a correlation between the percentage of 

carbohydrates in a meal and 1-hour postprandial glucose, and suggest a carbohydrates 

intake <45% to keep the postprandial glucose level < 120 mg/dL [50]. Although not 

supported by strong evidence, the ADA included carbohydrates restriction (≤40% of 

total daily caloric intake) in the 1995 practice guidelines for GDM [68]. 

 In 1998, a non-randomized study demonstrated that diets with <42% of carbohydrates 

decreased the risk of postprandial hyperglycemia and fetal macrosomia and reduced 

insulin requirement [69]. Few years later, the low-carbohydrates strategy was 

questioned [70]. In a correlational study on 80 women with GDM or mild 

hyperglycemia, a higher carbohydrate intake was unexpectedly associated with a 

decreased incidence of newborn macrosomia [70]. Infant birth weight was negatively 

correlated with carbohydrates intake and there were no large-for-gestational-age infants 

among women whose carbohydrate intake exceeded 210 g/day. This study was affected 

by poor diet adherence and high rate of insulin requirement (38%). The authors 

concluded that a carbohydrate intake of at least 250 g/day should be recommend in 

GDM women, with a low-fat consumption in order to limit energy intake [70]. 

Cypryk et al. compared low and high-carbohydrates diets (45% vs 65%, 

respectively) but failed to find differences in blood glucose values, concluding that both 

diets are effective and safe [71]. 

Thus, a decade ago, doubts about the effectiveness of low-carbohydrates diet in GDM 

began to emerge. 

In 2011, the ADA removed the recommendation of carbohydrates restriction from the 

guidelines [72], while other scientific societies, such as the Endocrine Society and the 
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American College of Obstetricians and Gynecologists (ACOG), were still 

recommending a carbohydrates reduction (33-40% of total calories) [60,62]. 

In 2013, Moreno-Castilla et al. randomly assigned 152 GDM patients to either a low-

carb diet (40% of total kcal) or a control diet (55% of total kcal). The low-carb diet did 

not reduce either the need for insulin or the obstetric and perinatal outcomes [73]. 

Few years later, Tout el al. investigated the effects of a maternal carbohydrate-restricted 

diet (35–40% of energy) versus the usual-care diet (carbohydrate intake 50–55%) and 

did not observe differences in terms of blood glucose or maternal-infant outcomes [74]. 

By lowering the carbohydrates content, dietary fats increase, if the protein consumption 

does not change (15-20% of total energy).  

It is well known that the amount and type of dietary fatty acids have a significant role in 

the modulation of insulin resistance [75].  High-fat diets, in particular high saturated fat 

diets, may promote insulin resistance through several mechanisms: interference with 

insulin signaling [75]; promoting inflammation through TNF-alpha production [76]; 

increasing intestinal permeability and endotoxemia by lipopolysaccharide (LPS) serum 

levels increase [77] and enhancement of oxidative stress [78]. 

Metabolic adaptations during pregnancy are finalized to spare glucose and amino acids 

for the fetal growth. In the last trimester, fetal growth accelerates, and the 

concentrations of several counter-regulation hormones increase [79]. Lipolysis and 

glucose production are increased in comparison with non‐pregnant women, and the 

maternal use of fatty acids as energy substrates is promoted to save glucose for the fetus 

[80]. As a consequence, a high-fat diet could worsen the insulin resistance already 

characterizing the late pregnancy. Moreover, the increased gestational lipolysis 

determines a rise in free fatty acids (FFA). Two decades ago, Sivan et al [81] showed 

that a physiologic increase in plasma FFA was able to inhibit insulin-stimulated glucose 

uptake in healthy pregnant women further worsening insulin resistance. 
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The role of maternal lipids serum concentrations in excess fetal growing is emerging 

[82]. Shaefer-Graf first reported that maternal lipids are strong predictors of fetal lipid 

serum values and fetal growth in GDM patients with optimal metabolic control [83]. 

Although the target of GDM therapy has always been glycemic control, maternal 

triglycerides and FFA have been recently recognized as stronger predictors of excess 

fetal growth than maternal glucose since they can cross the placenta and constitute 

substrates for fetal fat accretion [84].  

Low Glycemic Index and High-Complex Carbohydrate Diet  

In the last decade, the focus of the research in nutritional therapy for GDM has moved 

from carbohydrate restriction to new strategies that includes diet with a low Glycemic 

Index (GI) and rich in complex unrefined carbohydrates. 

A careful distribution of carbohydrates throughout the day and the use of sugars that are 

digested more slowly may help in attenuate postprandial hyperglycemia [85]. 

Different types of carbohydrates have varying effects on postprandial glucose. Sugars 

lead to an acute increase in blood glucose levels while the polysaccharides and starches 

from whole grains, vegetables and legumes are able to limit the postprandial glucose 

rise [86]. 

GI is a system of classifying carbohydrate-containing foods according to their 

postprandial blood glucose increment [87]. Several studies have evaluated the effects of 

low-GI diets on maternal and fetal outcomes in women with GDM, reporting a good 

feasibility and acceptability [88-89], the reduction in insulin treatment [89, 95], the 

prevention of excessive maternal weight gain [90, 95], the improvements in fasting [91] 

and postprandial glucose values [92]. Other studies failed to find significant differences 

in gestational/neonatal outcomes [91-93] and low-GI diets were associated with an 
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increased prematurity risk [94]. Indeed, the risk for adverse newborn outcomes has been 

refuted by a recent large metanalysis [95].   

The effects of complex carbohydrates/fiber on postprandial glycemia, satiety and energy 

intake are well known [96]. The possibility to avoid carbohydrates restriction by 

increasing complex carbohydrates and reducing fat intake, is currently a discussed topic. 

Hernandez hypothesized that pregnancy-induced insulin resistance and excessive fetal 

growth can be attenuated by a low-fat diet with high-quality carbohydrates [97-98]. The 

CHOICE (Choosing Healthy Options in Carbohydrates Energy) diet was developed; it 

contains 60% of energy from “complex carbohydrate” (polysaccharides and starches 

from grains, vegetables, and fruit). This diet determined lower circulating FFA levels, 

an increased adipose tissue sensitivity and a decreased expression of pro-inflammatory 

gene expression when compared to low-carb diets [98].  

At present, the optimal percentage of dietary carbohydrates to reduce adverse 

maternal/neonatal outcomes and obtaining an adequate compliance of the women to the 

nutritional scheme has not yet been defined [99].  

Mediterranean diet 

The Mediterranean diet is characterized by a high consumption of vegetables, fruit, 

nuts, seeds, legumes, unprocessed grains and olive oil, a moderate consumption of fish 

and a limited consumption of dairy products, red meat, processed meats and refined 

sugars. This diet is rich in antioxidants and anti-inflammatory foods with a low GI 

[100]. 

The Mediterranean diet has proven to display beneficial effects on cardiovascular and 

metabolic health [100-101]. At present, a few studies are available about pregnancy and 

no trials have evaluated the efficacy of Mediterranean diet in the GDM treatment. 
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The St Carlos GDM Prevention Study, a randomized controlled trial conducted in 

Spain, compared the early adoption of a Mediterranean diet (8–12 weeks’ gestation) to a 

conventional diet on the development of GDM in 874 pregnant women. The 

Mediterranean diet reduced the incidence of GDM and decreased several perinatal 

outcomes including insulin treatment, preterm delivery, emergency cesarean-sections, 

perineal trauma, and the incidence of small- and large- for gestational age births [102]. 

A post-hoc analysis comparing women with GDM to women with normal glucose 

tolerance found that the Mediterranean diet was not significantly associated with 

difference in weight gain, pregnancy-induced hypertension, mode of delivery, perineal 

trauma, preterm delivery, and neonatal macrosomia between groups [103].  

Randomized controlled trial in large samples are therefore needed to define the potential 

role of the Mediterranean diet in GDM. Similarly, the best diet for this frequent 

pregnancy complication has yet to be defined.  
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2. MICROBIOTA 

 

2.1 Definition and composition of gut microbiota 

The term gut microbiota refers to the microorganisms colonizing the human 

gastrointestinal tract [104]. The human gastrointestinal (GI) tract contains more than 

100 trillion microorganisms [105] that encodes over 3 million genes whereas the human 

genome consists of approximately 23000 genes [106]. 

The gut microbiota is composed of several species of microorganisms, including 

bacteria, yeast and viruses. Taxonomically, bacteria are classified according to phyla, 

classes, orders, families, genera and species. The dominant gut microbial phyla are 

Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria and 

Verrucomicrobia, with the two phyla Firmicutes and Bacteroidetes representing 90% of 

gut microbiota (Figure 1). The Firmicutes phylum is composed of more than 200 

different genera including Lactobacillus, Bacillus, Clostridium, Enterococcus and 

Ruminicoccus. Clostridium genera represent 95% of the Firmicutes phyla. Bacteroidetes 

consists of predominant genera such as Bacteroides and Prevotella. The Actinobacteria 

phylum is proportionally less abundant and mainly represented by the Bifidobacterium 

genus [107]. 

The gut microbiota varies according to the intestine anatomical regions, which differ in 

terms of physiology, pH and O2 availability, digesta flow rates, substrate availability 

and host secretions. The microorganism amount increases steadily along the 

gastrointestinal tract, with small numbers in the stomach and very high concentrations 

in the colon. Aerobic bacteria progressively decrease in the colon with predominance of 

strictly anaerobic bacteria [108]. 

 



19 
  

Figure 1. Taxonomic gut microbiota composition 

 

Source: Rinninella et al, Microorganisms 2019, 7, 14 
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The stomach and proximal duodenum are exceptionally inhospitable and very few 

bacteria are resistant to this acidic condition. The stomach harbors only 101 bacteria per 

gram; increasing densities and bacterial diversities are found in the duodenum (103/g), 

jejunum (104/g), ileum (107/g) and colon (1012 bacteria/gram) [109]. Mucosa-

associated bacteria from distal small intestine and colon are dominated by the phyla 

Bacteroidetes and Firmicutes. An enrichment of Lactobacillus, Veillonella (both 

Firmicutes), and Helicobacter (Proteobacteria) is present in the proximal gut, whereas 

Bacilli, Streptococcaceae (both Firmicutes), Actinomycinaeae and Corynebacteriaceae 

(both Actinobacteria) are abundant in duodenum, jejunum and ileum. Increased 

proportions of Lachnospiraceae (Firmicutes) and Bacteroidetes are found in the colon 

[110]. 

Most of the studies analyzed bacteria in feces, while only limited information is 

available for mucosa-associated microorganisms because the isolation of mucosa-

associated bacteria is much more complex and needs intestinal biopsies. Significant 

differences in bacterial composition have been shown between fecal and biopsy samples 

from same individual [110]. This is a great limitation of most of the studies on gut 

microbiota in humans. 

Gut microbiota composition varies also dramatically between individuals. The 

composition of the gut microbiota is strongly influenced by a range of factors, such as 

maternal prenatal factors [111], delivery mode [112], breast- or formula-feeding [113], 

host genetics [114-115], dietary habits [116], the administration of antibiotics and other 

drugs [117], and environmental exposure [118]. 

For more than a century, neonatal gut has been considered sterile at birth. However, the 

bacterial composition of amniotic fluid seems similar to the meconium microbiome, 

suggesting than meconium reflects the intrauterine environment [119]. 
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During the first days of life, the gut microbiota of healthy full-term newborns is 

composed of facultative anaerobic species, such as Escherichia coli, Enterococcus spp, 

a-hemolytic streptococci, and Staphylococcus spp. Subsequently, oxygen consumption 

and nutrients in milk shift the microbial composition towards a predominance of 

anaerobic bacteria, such as Bacteroides, Bifidobacterium and Clostridium spp [120]. 

Both the composition and function of the early infant microbiota are primarily defined 

by birth mode, antibiotic exposure and early-life feeding practices. 

The microbiota of the healthy newborns closely matches the maternal stool, vaginal, or 

skin microbiota, depending on the delivery mode. Vaginal birth exposes infants to the 

microbes that are colonizing the mother’s birth canal. After C-section birth, the neonatal 

microbiota is more similar to the maternal cutaneous flora, and it is influenced by the 

hospital environment [121]. Several studies indicate that infants born by C-section tend 

to have a lower number of anaerobes, such as Bacteroidetes, and a less diverse 

microbiota than infants born by unassisted vaginal birth [122,123,124]. However, these 

studies are affected by ethnic and geographic diversity and differences in the analytical 

methodologies. Moreover, not all studies have found an association between mode of 

birth (vaginal versus C-section), and the development of the gut microbiota [125,126]. 

The clinical decision to perform a C-section is often determined by the underlying 

maternal or fetal medical complications and is accompanied by varying use of 

medications, including antibiotics, all conditions potentially influencing the microbial 

composition [127]. 

Diet may affect the composition of the gut microbiota. Formula-fed infants tend to have 

relatively stable microbiota with higher alpha-diversity and relative abundance of 

facultative anaerobes and strict anaerobes when compared to breast-fed infants [128]. 

Breast-fed fecal samples are less complex with a higher number of aerobic organisms 

and exhibit more dramatic changes in the microbial composition over their first year 
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after birth [128]. Bifidobacteria and Clostridium difficile predominate in breast-fed 

neonates, whereas Bacteroides and Clostridium perfrigens prevail in formula-fed 

infants [129].  

Moreover, early breastfeeding has long-lasting effects on the gut microbiota and its 

effects persist even after weaning [130]. 

 

2.2 Diet and the microbiota 

Diet is one of the most powerful factors that modify within-days the intestinal 

microbiota and probably the easier to be manipulated [131]. Specific foods and dietary 

patterns can influence the relative abundance of different types of bacteria in the gut, 

which in turn can affect health. The human colonic microbiota is considered to be 

relatively stable and generally reverts to the original status quo after short-term dietary 

changes or antibiotic therapy [131]. Changing the macronutrient composition of the diet 

can significantly affect the gut microbiota. Host enzymes are not able to degrade the 

structural polysaccharides found in dietary plant material. Approximately 40 g of 

dietary carbohydrates reach the colon each day having escaped digestion by host 

enzymes [132]. The main categories are resistant starches (RS), non-starch 

polysaccharides (NSP) and oligosaccharides. Fermentation of these complex undigested 

polysaccharides results in the production of short chain fatty acids (SCFA), primarily 

acetate, propionate and butyrate, generally in a ratio of 3:1:1 [133]. Butyrate is the 

major energy source for the colonocytes while propionate is transported to the liver 

where it has a role in gluconeogenesis, whilst acetate enters systemic circulation and is 

used in lipogenesis [133].  

The intakes of different undigested carbohydrates were associated with different 

microbe growth: prebiotics fiber, such as fructans, polydextrose, fructo-oligosaccharides 
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(FOS), galacto-oligosaccharides (GOS) were linked to the growth of intestinal 

Bifidobacteri and Lactobacilli; resistant starch were reported to increase the abundance 

of Ruminococcus, E. rectale, and Roseburia [134]. Thus, changing the amount and/or 

type of carbohydrate could have a profound and rapid influence on the composition of 

the gut microbiota and its metabolic products [135]. 

Protein fermentation can lead to the production of deleterious metabolites. 

Approximately only 12–18 g proteins reach the human colon daily, corresponding to 

around 10% of the ingested proteins [136]. In the colon, proteins provide nitrogen for 

the growth of saccharolytic bacteria, and amino acids for fermentation by a-

saccharolytic species [137]. The predominant proteolytic bacteria identified in human 

feces are Bacteroides species, Clostridium, Propionibacteria, Streptococci, Bacilli and 

Staphylococci [131].  

The main pathway of amino acid fermentation in the human colon is deamination, 

leading to the production of SCFA and ammonia. Most of the ammonia produced is 

rapidly absorbed, metabolized into urea by the liver and excreted in urine. Ammonia 

alters the morphology of intestinal tissues and may act as a tumor promoter in the gut. 

Another pathway of amino acid fermentation is decarboxylation of amino acids and 

peptides, leading to the formation of amines. Their toxicological significance is not well 

understood; amines might act as precursors in nitrosamine formation, which are known 

carcinogens [131]. 

The consumption of a high-fat diet increases total anaerobic microbes and Bacteroides, 

while a low-fat diet increases Bifidobacterium [138]. However, a high-fat diet is 

generally low in carbohydrates, while a low-fat diet is significantly higher in digestible 

carbohydrates and fiber. Thus, the observed changes in the microbiota composition may 

be due to the changes in carbohydrates intake.  
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Several studies have investigated the impact on microbiota composition of some dietary 

patterns, such as Western diet or Mediterranean diet. Western diets seem to decrease the 

number of total bacteria and beneficial bacteria, such as Bifidobacterium and 

Eubacteria. In contrast, the Mediterranean diet is associated with a healthy gut 

microbiota, with an increase in Bifidobacterium and Lactobacillus spp [138].  

The principal effects of single nutrients and diets on the microbiota composition are 

summarized in the table below. 

 

Table 2. Effects of different dietary patterns on the microbiota composition [138] 

 Bifidobacterium Lactobacillus Bacteroides Akkermansia Prevotella Eubacteria 

High-fat  ↓ ↑    

High saturated 

fatty acids 

  ↑    

High 

unsaturated 

fatty acids 

↑ ↑  ↑   

Animal 

proteins 

↓  ↑    

Vegetable 

proteins 

↑ ↑     

High fiber ↑ ↑   ↑ ↑ 

Rich in 

polyphenols 

↑ ↑ ↓    

Western diet ↓ ↓ ↑   ↓ 

Mediterranean 

diet 

↑ ↑ ↑  ↑ ↑ 
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2.3 Roles of the microbiota in metabolic diseases 

The gut microbiota plays an important role in the regulation of the host’s metabolism; it 

maintains a symbiotic relationship with the gut mucosa with substantial metabolic, 

immunological and gut protective functions. However, an altered microbiota (dysbiosis) 

could contribute to the development of metabolic diseases through different 

mechanisms, such as increased harvest of energy from the diet, abnormal SCFA 

production, abnormal gut permeability and increasing absorption of lipopolysaccharide 

(LPS) and production of bacterial toxic substances, such as trimethylamine [139-140].  

The composition and metabolic actions of the microbiota play a significant role in 

energy processing of dietary intake, with increased energy harvest [141]. The role of 

SCFA on energy homeostasis is ambiguous. Fecal SCFA has been found to be 

increased in the gut microbiota of individual with obesity [142] and this might indicate 

a greater ability to extract energy from undigested foods.  

Butyrate and propionate are generally considered beneficial [143] while the role of 

acetate is still controversial. A beneficial regulatory role in energy metabolism and 

insulin sensitivity is suggested by most studies. Acetate could play a role in weight 

control by downregulating the sub-clinic chronic inflammation associated with obesity 

and the production of anorexigenic hormones [144]. On the contrary, some animal data 

suggest that acetate could promote the development of obesity and insulin resistance by 

increasing appetite and the lipid storage capacity of adipose tissue by inhibiting 

intracellular lipolysis and increasing adipogenic differentiation [144-145]. 

SCFA in the intestine activate G-protein-coupled receptors (GPR), such as GPR41 (free 

fatty acid receptor 3; FFAR3) and GPR43 (free fatty acid receptor 2; FFAR2). Both 

those receptors trigger the secretion of gut hormones (GLP-1 and PYY). Leptin is also 

released from adipocytes when SCFA bind to GPR41 [146]. PYY, GLP1 and leptin can 
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decrease appetite [147]. GLP-1 increases insulin secretion from pancreatic β-cells and 

decreases glucagon secretion, with enhanced peripheral glucose uptake and a lower 

hepatic neoglucogenesis.  

SCFA can inhibit lipolysis and suppress the inflammatory mediators, such as NO (nitric 

oxide), TNF-α (Alpha Tumor Necrosis Factor), IL-1β (Interleukin 1 beta), IL-6 

(Interleukin 6) [148-149]. 

The impairment in the balance between gut microbiota and the host’s immune response 

could lead to the intestinal translocation of bacterial fragments (such as LPS through the 

gut barrier into the blood) and the development of “metabolic endotoxemia” with 

systemic inflammation. These molecules can stimulate macrophage infiltration and 

activate the synthesis of inflammatory cytokines. Current views suggest that low-grade 

chronic systemic inflammation contributes to the development of insulin resistance and 

metabolic diseases [150]. 

Another mechanism by which microbiota could play a role in metabolic disorders is the 

production of Trimethylamine-N-oxide (TMAO). Gut microbes are able to use the 

dietary methylamines (choline, l-carnitine, and phosphatidylcholine) producing 

trimethylamine (TMA), which is further oxidized to TMAO by the hepatic enzyme 

flavin-containing monooxygenase 3 (FMO3) [151]. Red meat, eggs, dairy products and 

salt-water fish are the main dietary sources of TMA. 

Elevated plasma levels of TMAO have been associated with increased risk of 

cardiovascular diseases and T2DM [152]. In a large cross-sectional study, TMAO 

plasma concentrations measured in early and mid-pregnancy were positively related to 

increased odds of developing GDM [153]. At present, the mechanisms of action of 

TMAO are unknown. In mice fed with a high-fat/high-sugar diet, TMAO promoted 

impaired glucose tolerance and adipose tissue inflammation [154]. Moreover, scarce 
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information is available about taxonomic composition of TMA-producing bacteria in 

humans which include either Firmicutes, Actinobacteria or Proteobacteria species [155]. 
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3. MICROBIOTA AND GESTATIONAL DIABETES 

Herein, I summarize the content of my recent narrative review on this topic [156]. 

3.1 The modifications of the gut microbiota during pregnancy 

Studies on gut microbiota composition in healthy pregnancy have documented profound 

alterations from the first to the third trimester [157-158]. Increased between-individual 

diversity (β-diversity) and decreased richness (intra-individual or α-diversity) have been 

reported, and a microbial pattern similar to that of non-pregnant adults with metabolic 

syndrome was found in late pregnancy [157,159]. 

During gestation, profound hormonal, immunological, and metabolic changes take place 

and the variations in the gut microbial composition may contribute to the metabolic 

changes typical of late pregnancy that promote maternal weight gain, increasing 

circulating pro-inflammatory cytokines, hyperglycemia and insulin resistance [160]. 

Current literature on microbiota composition in pregnancy is highly discordant 

reporting no variations [161], increased Proteobacteria/Actinobacteria abundance, 

Roseburia intestinalis and Faecalibacterium prausnitzii reduction, and α-diversity 

decrease [157]. Several studies have evaluated the relationship of BMI and maternal 

weight gain with  microbiota. Mothers’ pre-pregnancy weight and BMI have been 

correlated with increased relative abundance of Bacteroides [162], Clostridium [163], 

Staphylococcus [162-163], reduced Bifidobacteria [162]. A lower α-diversity was found 

among women with overweight/obesity [164].  

Gestational weight gain has been associated with higher abundance of Bacteroides 

species [163], Staphylococcus [162-163], Enterobacteriaceae, Escherichia coli, reduced 
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abundance of Bifidobacterium, Akkermansia muciniphila [162] and lower α-diversity 

[164].  

Many correlations among specific taxa and gestational metabolic variables have been 

found, such as direct relationships between Collinsella and circulating levels of insulin, 

triglycerides, and very-low-density lipoproteins; Sutterella and C-reactive protein; 

Ruminococcaceae/Lachnospiraceae and leptin; Bacteroidaceae and ghrelin; 

Coprococcus and gastrointestinal polypeptide (GIP).  Moreover, inverse relationships 

between Blautia and insulin values; Faecalibacterium/Fusobacterium ratios and blood 

glucose; Odoribacter and arterial blood pressure; Ruminococcaceae and GIP, and 

Prevotellaceae and ghrelin have been reported [165,166].  

In conclusion, the gut microbiota seems to contribute to maternal metabolic changes 

through mechanisms that remain at present largely undefined. 

 

3.2 The gut microbiota in pregnancy complicated by GDM  

Some studies have observed that the gut microbiota may be involved in the 

development of pre-diabetic conditions outside of pregnancy. Overall, insulin resistance 

has been associated with a higher Firmicutes/Bacteroidetes ratio [167] and with a 

reduced abundance of butyrate-producing bacteria such as Roseburia and 

Faecalibacterium prausnitzii [168].  

Only few studies have evaluated the microbiota of GDM patients with highly 

contrasting results. 

Koren et al [157] reported that both healthy and GDM women display changes in the 

composition of their gut microbiota with advancing gestational age. The women who 

later developed GDM have a reduced microbial richness in the first trimester although 

their microbiota composition did not differ from that of the healthy controls. 
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Accordingly, two recent Chinese studies reported a lower α-diversity in GDM women 

with respect to normoglycemic women [169-170]. 

Specific differences between GDM and normoglycemic women were reported by a few 

studies. Increased gut abundance of Parabacteroides distasonis, Klebsiella variicola 

[171], Ruminococcus, Eubacterium, Prevotella [172], Collinsella, Rothia, 

Desulfovibrio, Actinobacteria [159], Firmicutes [172] and reduced gut richness of 

Methanobrevibacter smithii, Alistipes species, Bifidobacterium species, Eubacterium 

species [171] Akkermansia, Bacteroides, Parabacteroides, Roseburia, and Dialister 

[172] were reported in GDM patients compared to normoglycemic controls. Some of 

the changes in the bacterial species related to GDM have been reported also in T2DM 

patients, such as the reduction in Roseburia and Akkermansia muciniphila, and the 

increment in Proteobacteria [173]. 

Functional analyses showed a greater abundance of membrane transport and energy 

metabolism pathways, lipopolysaccharide and phosphotransferase systems, and lower 

amino acid metabolic pathways in the microbiome of GDM patients [171]. 

If the changes in the gut microbiota contribute to or are a consequence of the 

development of GDM is a debated question. A different microbiota composition was 

found to precede the onset of GDM in early pregnancy, since both reduced microbial 

richness and increased abundance of Ruminococcaceae family have been reported with 

a supposed subsequent increased energy harvest, pro-inflammatory status, and impaired 

insulin signaling [174]. Therefore, the gut microbiota composition in women who will 

develop the GDM in late pregnancy seems to be impaired early during pregnancy.  

These findings suggest that an early modulation of the microbiota in pregnancy might 

be a new approach for the prevention and management of gestational hyperglycemia.  
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If the aberrant microbiota might contribute to the development of T2DM after 

pregnancy has not yet been clarified. A few studies described a different microbiota 

within 3–16 months after delivery in women with a previous GDM compared to those 

with a previous normoglycemic pregnancy. In particular, GDM+ women showed a 

higher abundance of Prevotellaceae, Collinsella, Olsenella, and Clostridium and a 

reduction in Firmicutes, Fusobacterium and the parent family Fusobacteriaceae, and 

genus Ruminococcus (Ruminococcus from Lachnospiraceae family) [159, 175]. Indeed, 

no gut microbiota differences between GDM+ and GDM- women were found  5-years 

postpartum [176]. Therefore, the possibility that aberrant microbiota could contribute to 

the future development of T2DM in the GDM+ women becomes less probable. 

 

3.3 The gut microbiota of the offspring from mothers with GDM 

Initial colonization of the infant gut, starting from intrauterine life, sets the stage for the 

lifelong relatively stable adult microbiome. For this reason, pregnancy offers a window 

of opportunity to determine long-term health consequences for the child and maternal. 

An interesting hypothesis is that the gut microbiota of the fetus may reflect 

pathophysiological processes occurring during pregnancy or represent a direct 

transmission of maternal intestinal bacteria. In this context, it would be interesting to 

understand if the gut microbiota of the offspring from mothers with GDM may be 

influenced by maternal glycemic status and if it may have an impact on their future 

health.  

Few studies have analyzed the gut microbiota composition of the offspring of mothers 

with GDM with contrasting results.  
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The gut microbiota composition of the newborns was reported to be either not different 

[157] or abnormal [166,176, 177, 178] in relation to the maternal glycemic status.  

In particular, the microbiota α-diversity of the newborns from GDM mothers was 

described as similar [157] or lower [178] than that of newborns from non-GDM 

mothers. An increased abundance of the phyla of Proteobacteria and Actinobacteria, a 

reduction of Bacteroidetes and a decreased abundance of Prevotellae and Lactobacilli 

were reported in newborns of mothers with GDM [178].  

In 5-years children, the gut microbiome of GDM offspring remained different from that 

on non-GDM offspring. In particular, the Anaerotruncus genus was observed to be 

more abundant in the children of GDM+ women; this genus has been positively 

associated with both glucose intolerance and gut permeability, suggesting a role in the 

pathogenesis of diabetes [176]. These results suggested that the maternal influences on 

the gut microbiome persisted over time. 

Prospective studies would be necessary to further clarify the mode of the mother-to-

baby microbes transmission during pregnancy, as well as the impact of the influence of 

the maternal microbiota on the offspring adult-onset diseases. 

 

 

3.4 The influence of diet on the microbiota in pregnancy 

Despite the importance of diet-microbiota associations, only few studies have evaluated 

the role of nutrition on gut microbiota during the crucial period of pregnancy. A lower 

fiber intake has been associated with reduced gut microbiota diversity and richness 

[179], greater abundance of Collinsella, a genus associated with T2DM [180,181], and 

greater abundance of Sutterella, a Proteobacteria with known pro-inflammatory 

capacity [182].  
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In pregnancy, vegetarian diets resulted in increased relative abundances of Roseburia 

and Lachnospiraceae, but no difference in α-diversity when compared to omnivorous 

diets [181]. A lower bacterial richness was found in pregnant women with high-fat, low-

fiber intakes [179]. In women with overweight/obesity, a high intake of saturated fatty 

acids (SFAs) during early pregnancy was associated with the reduction of all indexes of 

microbiota richness [179], while, early after delivery, an increased SFA consumption 

was associated with reductions in Proteobacteria and Firmicutes relative abundance 

[182]. Monounsaturated fatty acids (MUFAs) have been associated with increased 

abundance of Firmicutes, Proteobacteria, and Bacteroidetes [182].  

In pregnant women, fat-soluble vitamins seem to act as modulators of gut microbiota. 

Higher intake of vitamin D was associated with reduced microbial α-diversity. The 

consumption of retinol and vitamin D was associated with a relative increase in 

abundance of the pro-inflammatory Proteobacteria phylum. On the contrary, vitamin E 

intake was associated with a relative decrease in the abundance of Proteobacteria [182].  

In pregnant women with overweight, dietary fiber and n–3 polyunsaturated fatty acids 

(PUFAs) were associated with higher microbiota richness and lower serum zonulin 

levels [183], a protein that adversely modulates the permeability of gut tight junctions. 

Indeed, caution should be used in the interpretation of these results, since intakes were 

assessed by food frequency questionnaires [182] or food diaries [183], and, owing to the 

subjective nature of these data, associations between microbiota and micronutrients 

might be overestimated. 

Owing to the emerging evidence of the potential role of human gut microbiota on 

metabolism and inflammation, future research is warranted in order to test the intriguing 

possibility that microbiota manipulation may improve maternal (and consequently 

neonatal) health. 
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3.5 Diet-microbiota interaction in GDM 

Because of the ability of the gut microbiota to modulate the metabolism and 

inflammation of the host, the possibility of manipulation of the intestinal microbiota is 

emerging as a promising therapeutic strategy for many chronic medical conditions 

[184], including pathological pregnancy.  

As previously mentioned, GDM is characterized by changes in the composition of the 

microbiota, however it is still unknown if these changes are a consequence or a cause in 

determining the increased maternal insulin resistance.  

Based on current knowledge on diet-microbiota relationship outside of pregnancy, a diet 

rich in fiber with high content of complex and unrefined carbohydrates could result in a 

shift of the microbiota towards a potentially favorable enterotype [185].  

The classical nutritional approach with carbohydrates restriction inevitably leads to the 

increase of dietary fat, if protein consumption remains in the recommended levels (15-

20% total energy) and could potentially increase pro-inflammatory bacteria resulting in 

increased insulin resistance. In several human studies, high-fat diet has been suggested 

to increase total anaerobic microbes and in particular Bacteroides. Low-fat diets had 

been reported to increase the Bifidobacterium abundance with concomitant fasting 

glucose and total cholesterol reductions [186]. Animal studies have shown that high 

SFA intake resulted in considerably lower amounts of Lactobacillus intestinalis and 

increased in propionate and acetate producing bacteria [187]. Moreover, high-fat diet 

has been associated with endotoxemia and an increased concentration of the plasmatic 

pro-inflammatory LPS [77]. 

To date, there is a lack of clinical trials specifically focused on the effect of different 

nutritional strategies on the microbiota composition in pregnancy complicated by GDM. 

The potential impact of specific dietary interventions on the gut bacteria composition 
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and function is of considerable interest in the search for the optimal strategy to prevent 

and treat GDM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 
  

4. THE RESEARCH STUDY 

 

4.1 Background 

GDM is one of the most common pregnancy complications and it is associated with a 

moderately increased risk of maternal and perinatal outcomes [2]. Lifestyle 

interventions were reported to provide benefits to the health of GDM women and their 

babies and it has been hypothesized that at least some of these beneficial effects might 

be due to the modulation of the maternal microbiota during pregnancy. Indeed, 

variations in nutrient and energy intake were associated to specific bacterial abundance 

[131]. However, to date only few studies have evaluated the microbiota of GDM 

patients, showing contrasting results [156]. Moreover, it is well known that the maternal 

environment affects the offspring health. The newborn gut microbiota is strongly 

influenced by maternal health and pregnancy conditions. Early disruption of the infant 

microbiota has been associated with many inflammatory, immune-mediated, allergic, 

and dysmetabolic diseases in later life [188-189]. Children’s obesity, non-alcoholic 

hepatic liver diseases, aberrant cardiac growth are, among others, the conditions that 

have been associated with maternal/newborn dysbiosis [190-191]. Nevertheless, 

uncertainty still exists about the microbiota offspring colonization, and either the 

modality or the timing of microbial exposure for the fetus/newborn are controversial 

[192].  

Only a few data are available about the associations between maternal characteristics 

and newborn microbiota pattern. This knowledge is important, since it underscores the 

possibility of early modulation of the offspring gut microbiota by acting on specific 

maternal factors and/or characteristics.  
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The data herein presented have been recently published [193,194]. 

 

4.2 Methods 

Study design 

This is a prospective observational explorative study. 

Aims 

The aims of the study are: 

- To evaluate the associations between diet and microbiota in pregnancies 

complicated by GDM and whether patients with greater adherence to dietary 

recommendations present a different microbial pattern than less adherent 

patients 

- To compare the gut microbiota of GDM patients with normoglycemic pregnant 

women 

-  To evaluate whether the gut microbiota composition of the offspring of GDM 

patients is associated with the maternal nutritional habits or with the type of 

feeding (breastfeeding vs artificial milk). 

-  

Patients recruitment   

The participants were 50 patients with GDM and their offspring consecutively recruited 

from the “Città della Salute e della Scienza” Hospital of Turin from October 2016.  

Inclusion criteria were:  

-gestational age between 24-28 weeks 

- Caucasian race 

- GDM diagnosed by a 75g oral glucose tolerance test (OGTT).  
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Women who had the following criteria were excluded from the study:  

-twin pregnancy 

-use of prebiotics/probiotics, antibiotics or any drug during pregnancy 

-any pathological conditions before or during pregnancy (known diabetes mellitus, 

hypertension, cardiovascular, pulmonary, autoimmune, joint, liver or kidney diseases, 

thyroid dysfunction, cancer, any other disease/condition) 

-no compliance to the study protocol.  

All women were taking folic acid supplementation. 

 

GDM was diagnosed by OGTT performed at 24-28 gestational weeks in the morning, 

after at least 8h-overnight fast, when the fasting plasma glucose was ≥92 mg/dL and/or 

1h post-OGTT glycemia ≥180 mg/dL and/or 2h post-OGTT glycemia ≥153 mg/dL, 

according to international criteria
 
[52].  

Patients were instructed to self-monitor finger-prick capillary blood glucose at least 4 

times per day. Insulin therapy was added to diet when fasting blood glucose levels were 

consistently ≥90 mg/dL, 1-hour levels consistently ≥130 mg/dL, or 2-hour levels ≥120 

mg/dL, according to guidelines [52]. 

 

Dietary intervention 

In our cohort, all the patients with GDM routinely received dietary counselling and 

nutritional recommendations in line with guidelines (carbohydrates 45% total energy, 

rapidly absorbed sugars <10% total energy, proteins 18-20% total energy, fats 35% total 

energy, at least 20-25 g/day fibre intake, no alcohol)
 
[62]. Furthermore, 30-min daily 

moderate exercise was recommended (i.e. brisk walking). Patients were considered to 

be compliant to the given dietary recommendations in the presence of all the following 
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criteria: at least 20 g/day fiber consumption (or increasing fiber intake more than 50% 

than enrolment), sugar reduction to less than 10% of total energy and abolition of 

alcohol intake.  

Finally, all mothers were suggested to breastfeed their children.  

 

Sample collection, anthropometric measurements and dietary information 

Questionnaires, anthropometric values, fasting blood samples and stool samples were 

collected for all participants both at 24-28 weeks of gestational age at the time of GDM 

diagnosis (enrolment), and at 38 weeks, or before delivery, in the case of preterm 

delivery (study end). The researchers were in continuous contact with the patients, 

through weekly telephone contact. In this way, they were aware of the progress of 

pregnancy. 

Fecal samples of the offspring were collected between the 3rd and the 5th day of life, 

after meconium expulsion. Data relative to the type of delivery, birth weight, gestational 

age and the type of feeding were extracted from medical records. 

Stool samples were self-collected by the patients. Briefly, the subjects were instructed 

on how to self-collect the samples, and all materials were provided in a convenient, 

refrigerated, specimen collection kit. Patients were provided with sterile containers to 

collect the feces (VWR, Milan, Italy). The fecal samples were collected at home and 

transferred to the sterile sampling containers using a polypropylene spoon (3 spoons of 

about 10g) and immediately stored at 4°C. The specimens were transported to the 

laboratory within 12 hours of collection at a refrigerated temperature. Containers were 

immediately stored at -80°C for DNA extraction. No storage medium was used. 

Participants completed a 3-day food record (2 weekdays and 1 weekend day) and the 

Minnesota-Leisure-Time-Physical Activity Questionnaire
 
[195] at enrolment and at the 
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study end. Detailed information on how to record food and drink consumed by using 

common household measures was provided to all participants. Two dieticians checked 

all questionnaires for completeness, internal coherence and plausibility.  

The 3-days food record questionnaires were analyzed using Winfood 3 Pro Software 

(release 3.4.4; 2011 version; Medimatica, Teramo, Italy) according to the table of food 

consumption of the Italian National Institute of Nutrition [196] and the Food 

Composition Database for Epidemiologic Study in Italy [197]. 

Data relative to pre-pregnancy weight was self-reported; weight, height, and arterial 

blood pressure (BP) were measured at time of enrolment, and weight and BP at the 

study end. Body weight was measured to the nearest 0.1 kg, and height was measured to 

the nearest 0.1 cm with a stadiometer (SECA model 711, Hamburg, Germany), with the 

participants wearing light clothes and no shoes. Arterial BP was measured from the left 

arm, in a sitting position, after at least 10 min of rest, with a mercury 

sphygmomanometer with appropriate cuff sizes (ERKA Perfect-Aneroid, Germany). 

Two measurements were taken by trained personnel with arm supported at heart level 

and the values reported were the means of the two. Glucose levels were self-measured 

by the patients by the BGSTAR® glucometer (Sanofi-Deutscland GmbH, Frankfurt, 

Germany). The average of the values measured 1-hour after each meal during the third 

trimester have been reported. 

 

Determination of the gut microbiota 

The analyses were carried out at the Microbiology Laboratory of the Department of 

Agricultural, Forestry and Food Sciences at the University of Turin. 

Nucleic acid was extracted from the feces collected. Total DNA from the samples was 

extracted using the RNeasy Power Microbiome KIT (Qiagen, Milan, Italy) following 
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the manufacturer’s instructions. One microliter of RNase (Illumina Inc. San Diego. CA) 

was added to digest RNA in the DNA samples, with an incubation of 1 h at 37°C. DNA 

was quantified using the QUBIT dsDNA Assay kit (Life Technologies, Milan, Italy) 

and standardized at 5 ng/μL.  

DNA directly extracted from fecal samples was used to assess the microbiota by the 

amplification of the V3-V4 region of the 16S rRNA gene using the primers and 

protocols described by Klindworth et al [198]. PCR amplicons were cleaned using 

Agencourt AMPure kit (Beckman Coulter, Milan, Italy) and the resulting products were 

tagged by using the Nextera XT Index Kit (Illumina Inc. San Diego. CA) according to 

the manufacturer’s instructions. After the 2nd purification step, amplicons products 

were quantified using a QUBIT dsDNA Assay kit (Life Technologies). Subsequently, 

equal amounts of amplicons from different samples were pooled. The pooled sample 

was run on an Experion workstation (Biorad, Milan, Italy) for quality analysis prior to 

sequencing. The sample pool (4 nM) was denatured with 0.2 N NaOH, diluted to 12 

pM, and combined with 20% (vol/vol) denatured 12 pM PhiX, prepared according to 

Illumina guidelines. The sequencing was performed with a MiSeq Illumina instrument 

(Illumina) with V3 chemistry and generated 250 bp paired-end reads according to the 

manufacturer’s instructions.  

 

Bioinformatics analysis  

Paired-end reads were first assembled using FLASH software
 
[199] with default 

parameters. Joint reads were further quality filtered (at Phred < Q20) using QIIME 1.9.0 

software
 
[200] and short reads (< 250 bp) were discarded through Prinseq

 
[201]. 

Chimera filtering was performed through USEARCH software version 8.1 [202]. 

Operational Taxonomic Units (OTUs) were picked at 97% of similarity threshold by 
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UCLUST algorithms
 
[203] and centroids sequences of each cluster were matched to the 

Greengenes 16S rRNA gene database version 2013. After sequencing, a total of 

2,100,009 raw reads (2 X 250 bp) were obtained. After joining, a total of 1,919,311 

reads passed the filters applied with QIIME, with an average value of 23,406 ± 31,535 

reads/sample and a sequence length of 457 bp. The rarefaction analysis and Good’s 

coverage, expressed as percentages, indicated that there was satisfactory coverage for 

all the samples (Good’s coverage average, 92%). In order to avoid biases due to the 

different sequencing depth, OTU tables were rarefied to the lowest number of sequences 

per sample (4078 reads/sample). The OTU table displays the higher taxonomy 

resolution that was reached; when the taxonomy assignment was not able to reach the 

genus, family name was displayed.  

 

Ethical aspects 

The present study conforms to the principles outlined in the Declaration of Helsinki. 

The study protocol was approved by the Ethics Committee of the “Città della Salute e 

della Scienza” hospital of Turin (approval 707/2016). All patients provided written 

informed consent prior to participation in the study protocol. 

 

4.3 Results 

Characteristics of the participants 

Nine women did not return stool samples and were lost at follow-up. Data of 41 patients 

were therefore analyzed. The clinical characteristics of the participants did not differ 

from those of the 9 women who dropped out. Seven women (17.1%) gave birth before 

the 38
th

 week, either by induced vaginal delivery or Caesarean section. These patients 

provided the fecal and blood samples and the food questionnaire about a week before all 
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the others (37
th

 week); they did not differ with regard to nutritional, anthropometric, or 

metabolic characteristics when compared to the others. 

Most participants were overweight women, with excessive fat intake and lower than 

recommended fiber consumption (Table 3). From enrolment (24-28 weeks of 

gestational age) to the study end (38 weeks), weight and Body Mass Index (BMI) 

increased, and metabolic and inflammatory patterns of participants worsened, as usually 

occurs during the third trimester of pregnancy (Table 3). 

 

Adherence to the dietary recommendations   

After the dietary counselling, 34.1% (14/41) of the participants declared to be adherent 

to the given dietary recommendations. Characteristics at enrolment did not significantly 

differ between adherents and non-adherents, even if adherents showed increased values 

of weight and BMI (Table 4). Adherent women showed reduced intakes of sugars, and 

increased consumption of fiber, oligosaccharides, polyunsaturated fatty acids (PUFA) 

than non-adherents. All participants had abolished alcohol consumption. Adherents had 

a better metabolic and inflammatory pattern, with a significantly greater reduction in 

fasting glucose and Homeostasis Model Assessment-Insulin Resistance (HOMA-IR) 

levels at the end of the study (Table 4). 

Microbiota signature between dietary adherences 

The microbiota α- and β-diversity values were not significantly different between 

adherent and non-adherent subjects (data not shown). Similarly, there was no significant 

separation of the microbiota composition. We performed a number of analyses 

investigating the shift in microbiota as a function of the adherence to diet. Taking into 

account the shift in the microbiota between enrolment and study end in adherents and 

non-adherents (Figure 2) a common microbiota signature was observed. Blautia, 
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Coprococcus, Dorea and Lachnospiraceae significantly increased in both groups during 

the progression of pregnancy while Rikenellaceae decreased. We observed that the delta 

(study-end minus baseline) values of those OTUs was significantly higher in adherent 

patients. Between the two groups, we detected a specific microbiota shift at the study 

end: an impressive decrease in Bacteroides in adherents, and higher abundance 

of Faecalibacterium and L-Ruminococcus together with minor OTUs in non-adherents 

(Figure 2). 

 

Associations between microbiota and nutrient intakes and metabolic variables  

Several associations between nutrients variables and microbiota could be detected both 

at enrolment and at the study end (Figure 3). At enrolment, Alistipes was found 

positively related with fat intakes (β=0.10; 95%CI 0.06 0.14; P<0.001) in a regression 

model, after adjusting for age and weight values (Table 5). At the end of the study, 

many associations among specific microbiota relative abundance and nutrient intakes 

and their changes across pregnancy were detected in multiple regression analyses, after 

adjusting for age, weight change, and adherence to the given recommendations. Among 

the relationships, we underline the direct associations between Roseburia and fiber 

intake (β=0.09; 95%CI 0.02 0.16; P=0.01), and that between L-Ruminococcus and 

oligosaccharides (β=0.02; 95%CI 0.01 0.03; P=0.006), that however did not reach the 

established statistical cut-offs (Table 5). Results did not change significantly, after 

adjusting for pre-pregnancy BMI, educational level and exercise. 

 

Comparison of gut microbiota of GDM patient with normoglycemic pregnant women 

In order to find differences between GDM+ and normoglycemic (GDM-) subjects, we 

compared our data to comparable subjects from the American Gut Project (AGP) 
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dataset. The microbiota α-diversity values were significantly lower in GDM+ when 

compared to GDM- subjects (P < 0.001) (Figure 4) Weighted Unifrac distance matrix 

showed a separation of the microbiota between GDM+ and GDM- (Anosim R = 0.14, 

P=0.049) (Figure 5). GDM+ displayed a higher abundance (P<0.001) of the Firmicutes 

phyla, and of Collinsella, Dorea, Odoribacter and Ruminococcaceae (P<0.001) than 

GDM- subjects, while Enterobacteriaceae abundance was increased in GDM- (Figure   

6). 

 

Infant gut microbiota and maternal dietary habits 

As the mode of collection and/or storage of the offspring stool samples by 12 mothers 

resulted inappropriate, data of 29 infants (70.7%) could be analyzed only. 

No clear separation of the infant gut microbiota was observed (anosim P > 0.05) 

according to the maternal compliance to dietary recommendations (Figure 7). The 

correlation plot between maternal nutrient intakes and infant gut microbiota showed a 

higher number of significant associations with maternal variables at enrolment than at 

the study-end (Figure 8). 

Maternal oligosaccharides derived mainly from dairy products, cereals, fruit and 

vegetables, while saturated fatty acids (SFA) derived mainly from meat and cheese. In a 

multiple regression model, after adjusting for weight change, breastfeeding and 

Cesarean section, associations between infant Ruminococcus with maternal 

oligosaccharide (positive association) and with maternal intake of SFA (inverse 

association) were found, even if not reaching the defined cutoff of p-values. The inverse 

relationship between Rikenellaceae and maternal SFA intake remained statistically 

significant (Table 6). In the multivariate model, no significant association between 

infant gut microbiota and maternal dietary habits at the study-end was found. 
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Infant gut microbiota and breastfeeding 

Ten out of the 29 (34.5%) newborns were breastfed by their mothers, while 19 (65.5%) 

were formula-fed, using formulas without added probiotic/prebiotic compounds. 

We observed a non-significant reduction in microbial richness in breastfed infants when 

compared to infants fed with artificial milk. 

The β–diversity calculation based on unweighted UniFrac distance matrices assessed by 

Principal coordinate analysis (PCoA) showed a separation of the infant microbiota only 

as a function of the type of feeding (breast vs formula) as confirmed by ANOSIM and 

ADONIS statistical test (P <0.001) (Figure 9). 

At phylum level, we observed that breastfed infants showed a higher abundance of 

Actinobacteria and Proteobacteria, while in formula-fed infants we observed a higher 

proportion of Firmicutes phyla (Figure 10).  

At genus level, breastfed infants displayed an increased abundance 

of Escherichia and Bifidobacterium, while formula-fed infants had a varied microbiota 

mainly composed of Bacteroides, Clostridium, Enterococcaceae, Escherichia,  

Faecalibacterium,  Staphylococcus and Streptococcus (Figure 10).  

In multiple regression analyses, a significant association between breastfeeding and the 

relative abundance of Bifidobacterium in the infant gut microbiota was found (β = 22.9; 

95%CI = 10.1–35.7; P = 0.0017). 
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4.4 Discussion and conclusion 

Maternal gut microbiota 

Several associations between specific bacterial abundance and dietary variables were 

detected.  

Overall, our patients consumed a low-fiber and high-fat diet, an unhealthy dietary 

pattern which has been associated with GDM [204]. Most of them (about 2/3) did not 

change substantially their dietary habits after having received nutritional 

recommendations and showed a worse metabolic and inflammatory pattern than the 

adherent women. Literature data reported a poor adherence to nutritional therapy in 

pregnant women [205]. Changing eating habits is difficult and it’s probable that our 

patients had an unbalanced diet even before pregnancy that might have contributed to 

the onset of GDM.  Despite the unhealthy dietary pattern of our women, the baseline 

energy intake and the weight gain in our sample are lower than expected and this might 

reflect the generic recommendation  to control weight in pregnancy given by 

gynecologists. 

As usual clinical practice, the participants received a single nutritional counseling with 

the dietician. Our results suggest that the current practice of providing general advices is 

not sufficient and there is a need for the development of more effective intervention 

strategies. Maybe, a structured approach that includes a personalized diet and a planned 

follow‐up could increase the adherence to nutritional therapy. 

We found few associations between nutrient intake and microbial abundance. Fat intake 

was associated with Alistipes among Bacteroidetes, while Roseburia and L-

Ruminococcus among the Firmicutes appeared related, though not significantly, with 

nutrients related to vegetable foods (oligosaccharides, fiber). This observation is in 

agreement with DNA-based studies evaluating the fecal microbiota during pregnancy in 
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healthy overweight Finnish women at early pregnancy stage (17 week) [183] as well as 

in normal-weight Norwegian women during the second trimester of pregnancy [182]. 

On the opposite, we observed a positive association between protein intake and 

Faecalibacterium which is in disagreement with previous studies [182-183]. 

Research about gut microbiota composition and dietary intakes during pregnancy 

showed controversial results. Either no relationships between bacterial groups and 

dietary intakes [206] or associations between dietary fat and vitamin D with 

Proteobacteria increase [183] and higher gut microbiota richness and lower abundance 

of Bacteroidaceae with increased dietary fiber intake have been reported [206]. Those 

findings confirm the great heterogeneity of results on this topic and highlight difficulties 

in the comparison of results from the studies, probably due to the different dietary 

habits, the microbiota remodeling during pregnancy owing to hormonal changes, the 

additional insulin resistance determined by the presence of GDM.  

Short-term changes in dietary pattern have been demonstrated to modulate quickly the 

microbiota composition. Rapid, but transient changes occur following dietary variations 

[131], although longer and persistent modifications are needed to shape the human gut 

microbiota. In addition, the effects of diet on gut microbiota, rather than being direct, 

are hypothesized to be the consequence of the weight change and the subsequent 

variation in white adipose tissue inflammation and insulin resistance [207].  

We found a significantly lower α-diversity values in GDM+ patients when compared to 

GDM- women, as expected and according with literature data [169,177]. Low bacterial 

richness was associated with obesity and insulin resistance even outside of pregnancy 

[208]. During late gestation, the reduced insulin sensitivity is considered beneficial to 

support fetal growth and increased nutrient absorption, even if it is associated with 

metabolic impairment and inflammation. Women who developed GDM have greater 
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reduction in insulin sensitivity and their insulin secretion is not sufficient to maintain 

euglycemia, leading to glucose intolerance [209].  

We found a higher abundance of the Firmicutes phyla in GDM+ subject when compared 

to GDM- subjects, in particular with respects to specific taxa (Collinsella, Dorea and 

Ruminococcaceae). Firmicutes harvest more energy from the diet [210] and it can be 

hypothesized that those enriched function could be related with the progressive weight 

gain and could be a feature in hyperglycemic phenomena.  

 

Infant gut microbiota 

We observed that the infant gut microbiota composition is influenced by nutritional 

maternal habits. The offspring relative abundance of Ruminococcus was directly 

associated with the maternal intake of oligosaccharides and inversely with the maternal 

intake of SFA, as previously reported in infants from healthy women [182]. The 

Ruminococcus genus produces both butyrate and a bacteriocin, ruminococcin A, able to 

inhibit the growth of the potentially harmful Clostridium species, therefore potentially 

playing a beneficial role for the newborns [211]. Furthermore, maternal SFA intake was 

inversely associated with the relative abundance of Rikenellaceae, a butyrate-producers 

family [212] which has been associated with favorable metabolic outcomes and a 

healthy gut [213]. These associations are remarkable and could explain the previously 

reported adverse impact of SFA on maternal [214] and neonatal health [215-216]. 

Nutritional recommendations were given to our women between 24-28 weeks of 

gestational age, at the time of the oral glucose challenge test and GDM diagnosis. Only 

one third of our participants resulted adherents to the nutritional advice; indeed, dietary 

adherence and nutritional habits at the end of pregnancy did not influence the offspring 

microbiota. Contrarily to a few previous human studies showing that the infant gut 

microbiota was associated with the last-trimester maternal diet [217], we found stronger 
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associations between infant gut bacteria composition and early maternal nutrition. Even 

if the mechanisms by which the maternal diet affects the offspring microbiota remain 

unclear, the nutritional habits of late pregnancy might have a lower impact, owing to the 

lower maternal-fetal time of contact and seeding possibility in a period when fetal 

growth is already advanced. This hypothesis needs to be confirmed by further studies. 

Our results indeed highlight the importance of a proper maternal nutrition, low in SFA 

and with a high content of fiber and prebiotic oligosaccharides, starting from early 

pregnancy and probably even before gestation, in order to favorably modulate the 

offspring microbiota. 

A clear separation of infant microbiota according to the type of feeding (breast vs 

bottle-milk) was evident, as previously reported [218]. In particular, our bottle-fed 

infants showed increased microbial complexity and levels of strict anaerobes and 

facultative anaerobes, and higher abundance of Firmicutes, such as Clostridium, 

Streptococcus and Staphylococcus, in line with literature [219-220]. On the other hand, 

our breastfed infants showed a less complex microbiota with higher abundance of 

Proteobacteria and Actinobacteria, being the latter mainly derived from the 

Bifidobacterium genus that resulted to be strongly associated with breastfeeding, 

accordingly with most studies [221]. The higher abundance of Bifidobacterium in 

breast-fed infants can be explained by the presence of human milk 

oligosaccharides (HMOs), sugar polymers with prebiotic effects that promote the 

growth of specific microbial communities, including Bifidobacterium spp. with 

beneficial protective effects on the infant health [222-223].  
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Limitations of the study  

Several limitations of the present study should be recognized. One limitation of is the 

small sample size; nevertheless, the power of our study to detect differences in alpha 

diversity was 0.84 with α=0.01. We could analyze the fecal samples of 73% of the 

offspring of the initially enrolled women. Therefore, we could have not been allowed to 

detect modest differences in bacterial composition. However, the post-hoc power 

estimated on the measured effect sizes was 0.80 with α=0.05. 

The fecal samples were used as proxies for the microbial content of the entire 

gastrointestinal tract; it is reasonable to consider that mouth and skin microbiota could 

vary too.  

Infant fecal samples were collected within the first week of life. We cannot exclude that 

the difference of a few days could have influenced the results due to the high instability 

of the infant microbiota. 

The limitations of the food questionnaires must be recognized, even if these were 

widely used. An underestimation of energy intake of approximately 15% was observed 

in previous studies [224] and that could partially explain the low baseline energy intake 

in our sample. 

 Most of our patients had a very low fiber intake and consumed a high-fat diet; indeed, 

the dietary intakes of our patients resembled those of other pregnant women [225], and 

this finding is in line with the well-known associations between GDM and unhealthy 

diet [204].  

Owing to the observational design of this study, the presence of unmeasured 

confounding factors could not be excluded. 
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Conclusions 

We detected a different microbiota shift based on the adherence to dietary 

recommendation and some associations between nutrients intake and the abundance of 

specific OUTs. Moreover, we found that maternal eating habits of the first part of 

pregnancy have a greater influence on fetal microbiota than those of last trimester. 

Collectively, these findings suggest that the development of nutritional interventions to 

modulate the gut microbiota, already starting from early stage of pregnancy, might be a 

potential new strategy in order to impact on maternal and infant metabolic health. 
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Table 3. Characteristics of the participants at enrolment and the study end  

 At enrolment Study end P* 

Number 41 41  

Age 37.1±4.2   

Pre-pregnancy weight (kg) 69.3±14.6   

Pre-pregnancy BMI (kg/m
2
) 25.8±5.9   

Education (%)    

Primary school 17.1   

Secondary school 41.5   

University degree  41.5   

METS (h/week) 27.0 (36.4) 27.0 (26.5) 0.74** 

Weight (kg) 75.8±12.9 79.0±13.3 <0.001 

BMI (kg/m
2
) 28.2±5.3 29.4±5.4 <0.001 

Fasting glucose (mg/dL) 97.9±19.2 96.6±19.1 0.57 

Fasting insulin (µU/mL) 10.1 (8.4) 11.6 (10.0) 0.02** 

HOMA-IR (mmol/L*µU/mL) 2.3 (1.9) 2.8 (2.7) 0.15** 

CRP (mg/L) 4.1 (4.2) 4.5 (7.5) 0.007** 

Dietary intakes    

Energy (kcal) 1605.8±254.4 1766.1±306.7 0.009 

Carbohydrates (% total kcal) 44.4±6.6 43.1±6.4 0.27 

Sugars (% total kcal) 8.8±4.7 6.2±4.5 0.008 

Sugars (g/day) 35.3±20.1 27.9±21.3 0.08 

Oligosaccharides (g/day) 36.7±19.7 54.2±23.2 <0.001 

Starch (g/day) 107.3±28.9 109.7±38.7 0.73 

Fiber (g/day) 14.5±4.2 15.1±5.3 0.48 

Proteins (% total kcal) 15.6±2.3 16.6±5.3 0.22 

Total fats (% total kcal) 42.2±5.2 42.3±6.3 0.89 

SFA (% total kcal) 11.3±2.2 11.1±2.7 0.65 

PUFA (%kcal) 4.9±1.7 4.4±1.1 0.09 

BMI=body mass index, METS=metabolic equivalent of activity, BP=blood pressure, HOMA-

IR=Homeostasis Model Assessment-Insulin Resistance, CRP=C-reactive protein, SFA=saturated fatty 

acids, PUFA=polyunsaturated fatty acids.. Values are expressed as mean±standard deviation or median 

(interquartile range) *paired-sample t-test, **Wilcoxon matched pairs test
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Table 4. Characteristics of the participants by adherence to the lifestyle recommendations and median changes (deltas) from enrolment (right) 

 Baseline Study End  Delta 

 Adherent Not adherent P Adherent Not adherent P Adherent Not adherent P* 

Number 14 27  14 27  14 27  

Age 35.5±3.8 38.0±4.3 0.08       

Pre-pregnancy weight (kg) 73.1±18.0 67.4±12.5 0.24       

Pre-pregnancy BMI 

(kg/m
2
) 

28.0±8.0 24.7±4.3 0.09       

Education (%)          

Secondary school 42.9 40.7        

University degree  42.9 40.7 0.94       

METS (h/week) 32.3 (37.0) 24.5 (38.0) 0.39* 27.9 (31.5) 23.3 (32.3) 0.08* 0.0 0.0 0.17 

Weight (kg) 78.6±16.7 74.3±10.4 0.31 80.9±17.0 77.9±11.2 0.50 +2.0 +3.0 0.10 

BMI (kg/m
2
) 30.1±7.4 27.2±3.6 0.10 30.9±7.4 28.6±3.8 0.18 +0.7 +1.2 0.10 

Fasting glucose (mg/dL) 99.8±29.3 96.9±11.4 0.65 88.9±25.3 100.6±13.8 0.06 -6.0 +1.0 <0.001 

Fasting insulin (µU/mL) 11.3 (11.3) 9.0 (6.1) 0.83* 11.4 (10.8) 11.6 (12.4) 0.66* -0.20 +2.0 0.003 

HOMA-IR (mmol/L*µU/mL) 2.7 (2.8) 2.1 (1.3) 0.19* 2.4 (3.0) 3.1 (2.5) 0.38* -0.45 +0.47 <0.001 

CRP (mg/L) 3.2 (5.2) 4.3 (4.4) 0.76* 3.2 (3.1) 8.4 (8.3) 0.008* -0.02 +2.5 0.003 
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 Baseline Study End  Delta 

 Adherent Not adherent P Adherent Not adherent P Adherent Not adherent P* 

                    Dietary intakes          

Energy (kcal) 1659.2±309.6 1578.1±222.0 0.34 1828.6±200.7 1733.6±348.5 0.35 +161.5 +88.0 0.44 

Carbohydrates (% total 

kcal) 

44.2±5.0 44.5±7.3 0.90 43.0±5.1 43.2±7.1 0.92 -2.0 -2.0 0.74 

Sugars (% total kcal) 9.7±3.7 8.3±5.1 0.36 3.9±2.2 7.5±5.0 0.015 -6.9 -1.5 0.005 

Sugars (g/day) 40.7±18.4 32.5±20.8 0.22 17.5±9.7 33.4±23.7 0.02 -20.2 -7.6 0.004 

Oligosaccharides (g/day) 39.7±19.8 35.2±19.9 0.50 66.7±22.6 47.8±21.1 0.01 +14.7 +13.8 0.41 

Starch (g/day) 104.3±24.3 108.8±31.3 0.64 112.9±44.9 108.1±35.9 0.71 +23.1 -13.8 0.33 

Fiber (g/day) 15.2±5.4 14.2±3.5 0.43 20.5±2.1 12.4±4.2 <0.001 +5.8 -0.94 <0.001 

Proteins (% total kcal) 15.9±1.6 15.4±2.6 0.48 19.4±6.4 15.2±4.1 0.016 +1.9 -0.1 0.26 

Total fats (% total kcal) 41.7±4.2 42.4±5.7 0.67 39.7±5.4 43.7±6.4 0.06 +1.4 +1.1 0.39 

SFA (% total kcal) 11.6±2.4 11.2±2.2 0.60 9.7±1.6 11.8±2.9 0.017 -3.0 +0.6 0.03 

PUFA (%kcal) 5.2±2.6 4.7±1.1 0.32 5.0±1.1 4.0±0.9 0.003 +0.1 -0.5 0.07 

BMI=body mass index, METS=metabolic equivalent of activity, BP=blood pressure, HOMA-IR=Homeostasis Model Assessment-Insulin Resistance, CRP=C-reactive protein, SFA=saturated 

fatty acids, PUFA=polyunsaturated fatty acids. Values are expressed as mean±standard deviation or median (interquartile range) *paired-sample t-test, **Wilcoxon matched pairs test. 
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Table 5. Statistically significant associations between maternal gut microbiota composition 

at the study end and dietary variables in a multiple regression model. 

 Rho Beta 95% CI P 

Dietary intakes*     

Oligosaccharides (g/day)     

L-Ruminococcus 0.37 0.11 0.02 <0.001 

Parabacteroides -0.48 -0.02 0.008 0.005 

Fiber (g/day)     

Roseburia 0.37 0.46 0.15 0.004 

Proteins (% total kcal)     

Faecalibacterium 0.32 0.81 0.18 <0.001 

PUFA %kcal     

Roseburia 0.32 2.02 0.73 0.008 

 

*Multiple regression model evaluating the association between bacteria (dependent variable) 

and the specific nutrient (independent variable), after adjusting for age, weight change 
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Table 6. Statistically significant associations between infant gut microbiota 

composition and maternal dietary habits by Spearman’s correlations (left) and 

multiple regression analyses (right).  

 Rho Beta 95% CI P 

Dietary habits at enrolment     

Oligosaccharides     

Ruminococcus 0.55 0.07 0.04 0.11 <0.001 

Saturated fatty acids (%kcal)     

Rikenellaceae -0.61 -0.26 -0.39 -0.14 <0.001 

Ruminococcus -0.44 -0.86 -1.31 -0.41 0.001 

 

Model adjusted for maternal weight change and Cesarean section. 
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Figure 2. Differences in relative abundance of OTUs between adherents and not 

adherents to dietary recommendation at enrolment and at study end 

 

Boxplots showing the relative abundance at genus or family level of the OTUs based on 

Wilcoxon matched pairs test (P ≤ 0.002) in fecal samples between: GDM patients at 

enrolment (green bars) and at the study end (blue bars); adherents to the dietary 

recommendations at enrolment (yellow bars) and at the study end (red bars); non-

adherents to the dietary recommendations at enrolment (cyan bars) and at the study end 

(orange bars). 
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Figure 3. Spearman’s rank correlation matrix of OTUs, dietary information and 

blood variables. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The colors of the scale bar denote the nature of the correlation, strong positive 

correlation in dark blue and perfectly negative correlation in dark red. Only significant 

correlations (P <0.01) are shown.  
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Figure 4. Boxplots to describe α-diversity measures of fecal microbiota of GDM+ 

patients and GDM- 

 

 

 

 

 

 

 

 

 

 

 

Individual points and brackets represent the richness estimate and the theoretical 

standard error range, respectively. 
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Figure 5. Principal coordinates analysis of weighted UniFrac distances for 16S 

rRNA gene sequence data. 

 

 

 

 

 

 

 

 

 

 

GDM+ patients blue dots; GDM- patients black dots. 
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Figure 6. Boxplots of differentially abundant OTUs in fecal samples between 

GDM+ patients and GDM- women  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OTUs abundance is obtained from OTU table summarized at the higher taxonomy 

resolution and testing procedure based on Mann–Whitney tests 
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Figure 7. Principal Component Analysis (PCA) based on OTUs relative abundance 

of infant gut microbiota according to the maternal compliance to dietary 

recommendations. 

 

 

 

 

Samples are color-coded according to compliance to dietary recommendations (red) or 

non-compliance to dietary recommendations (blue). 
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Figure 8. Spearman’s rank correlation of OTUs of offspring’s samples and 

maternal dietary information and blood variables. 

 

Spearman’s rank correlation matrix of OTUs with > 0.2% abundance in at least 10 fecal 

samples, dietary information and blood variables. The colors of the scale bar denote the 

nature of the correlation, with 1 indicating a perfectly positive correlation (dark blue) 

and -1 indicating a perfectly negative correlation (dark red) between the two datasets. 

Only correlations with P-values <0.002 are shown. Data at enrolment (plot A) or at 

study-end (Plot B). 
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Figure 9. Principal coordinates analysis (PCoA) of unweighted UniFrac distances 

matrix for 16S rRNA gene sequence data. 

 

Infant artificially-fed (blue dots) or breast-fed (red dots). 
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Figure 10. Relative phylum-level abundance profiles between breast-fed and 

artificially fed infants 

 

Phylum-level abundance profiles of breastfed infants and artificially fed infants (Panel 

A); relative genus-level abundance of breastfed infants and artificially fed infants (Panel 

B). 
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