<2\ UNIVERSITA
'y 5| DEGLI STUDI
7 DI TORINO

COMPOSITION AND REMODELING OF THE GUT MICROBIOTA
DURING PREGNANCY IN PATIENTS WITH GESTATIONAL
DIABETES MELLITUS AND THEIR OFFSPRING

PhD Thesis in Medical Physiopathology

Doctoral School of Life and Health Sciences

PhD Candidate: Tutor:

Zarovska Adriana Maurizio Cassader



1

2

BACKGROUND OF THE STUDY .....ccciiiiiutiiiiinsnnniissssnnnsssssssssssssssssssssssssssssssssssssssssssssssssssssess 3
GESTATIONAL DIABETES MELLITUS ......uuiiiiiinriiiiinneniiinneeisssnnesissssneeissssseensssssseessssan 4
2.1  Definition and epidemiology ......ccoovviiiiiiiiii . 4
2.2 Diagnoses and risk factors associated with GDM............ccceoiiiiiii, 4
2.3 GDM associated complications ........ccooviiiiiiiiiii, 6
2.3.1  Maternal COMPlCAtiONS ....ceeeeiiieiiiiceee e e e e e e e e eeeaaaaan 6
2.3.2  Fetaland infant complications .........cceviiiiiiiiiiiiiicie e 7
2.4 Treatment Of GDIM ..ot 8
2.5  Pathophysiology Of GDIM......couuuiiiiiiiiiieiiiceee e et e e e e e e eevaa e e e e e e eeeessnanes 9
GUT MICROBIOTA......ttiiiiitttiiniieeiisiseeesssssssesssssss e sssssssessssssssessssssssessssssnsassssssnsesssns 10
3.1  Gut Microbiota in DISEASE ........uvveiiiiiiie et 13
3.2 GUE MiIcrobiota and PregNanCy....ccc e ieieeeriiiiieeeeeeeeeertiiiieeeeeeeeeeeesstiaeeeeeeseeessrniaeeseesseees 15
3.3  Gut Microbiota in women with GDM and their offspring .........ccoeeeeeeeiiiiiviiiiiiiieneeennnnns 16
AIMS AND OBJECTIVES OF THE STUDY.....uuetiiiiiiiiiiiineeiiiinneeisisnsesssssssesssssssessssssssesssns 18
EXPERIMENTAL PART OF THE STUDY (151 PHASE) .....uutiineiiiininninnensienssnsssssssssssssssssassssees 18
5.1 IMEENOAS ...t e s e s e e e e e e e e e 18
5.1.1  Recruitment Of Pati@Nts ..ccccceiiiieeiiiiiiiececeeeeeccee e e e e e e 18
5.1.2  Collection of samples, anthropometric measurements and dietary information ..19
LT 0. T = 1 o To To = o = 1 1Y £Y 3N 20
5.1.4  Fecal DNA @XEraCtion........cciiiiiiiiiiiiiiiiiiieeceeeee e 21
5.1.5 16SrRNA amplicon target SEQUENCING ....covvvviviiieiieeeeeeecee e e e e e e 21
5.1.6  Bioinformatics analysiS.....c..ooiiiiiiiiiiiiiii e e e 21
5.1.7  Oligotyping @NalySiS ..cuuuuuieeiiieiiiiiiiiiiee e e eeeeettceee e e e e et ee e e e e e e e e et e e e e e e e eearaaaaas 22
5.1.8  Statistical @analysSis ..cceuuiueuieiii e e e 22
5.2 RESUIES ettt e e e e e 23
5.2.1  Characteristics of the participants.........cccevviiiiiiii i 23
5.2.2  Adherence to the dietary recommendations..........ccceevvivcieiiiiericiiicccee e, 24
5.2.3  Microbiota composition at enrolment and at the studyend ............cceeeeeireennnnen. 25
5.2.4  Associations between microbiota and metabolic variables ........c.ccccoooiiiiiieennnn. 30
5.2.5 Gut microbiota signature at sub-genus level ..........cccovviiieiiiircc e, 33



5.2.6  Shiftin predicted MetageNOMES ..........uuuviriiiiiiiiiiiieiiiieeieriereeeeeeeeeeeree ... 34

5.3 DISCUSSION ..ttt e et s e e e e et eee b s e e e e et e abb s e eeeeees 35

6  EXPERIMENTAL PART OF THE STUDY (2" PHASE)....ccceueueeeereereeerssesessssssesessssssssesssssasesnes 39
6.1 IMEENOMS .eeeeiiieieeee e e e e e e e e e e e e e naneeeeas 39
6.1.1  Patients reCrUitMENT ... .o e e e e e 39
30 0 A i o 1oF | I 1Y =Y ot £ PP PPPPPPPRPPRE 40
6.1.3  Data and samples COllECTIONS ......uvvueeiiiiiiieeiiiccee e e eeeeer e 40
6.1.4  Fecal DNA extraction and SEQUENCING ........cuvvuueeeiieeiiiiiiiiiieieeeeeeeeevnnieeeeeeeeeeesannaes 41
6.1.5  Bioinformatics @NalySeS...ccciiiiiiieiiiiieiiee et e e eeer e 41
6.1.6  STAtistiCal @NalYSES c.cevvriieiei e e e e e e 41

6.2 RESUIES ceeeeiiie e e e e e e e e e aee 42
6.2.1  Maternal and infant gut microbiota composition.........ccccceeeveeiiiiiiiiiiiiieeeeeeeeeennne, 42
6.2.2 Infant gut microbiota and maternal metabolic variables and delivery outcomes..45
6.2.3  Gut microbiota signature at sub-genus level .........ccccvvviiiieeeiiiiiiiiiiiicee e, 48
6.2.4  Comparison between gut microbiota from GDM offspring and healthy women

o) 1 1Y o 412V PURRRR 50

6.3 DISCUSSION cociiiiiiiiiiiiii 52

7  ACKNOWLEDGMENTS.......ccciitittimmniiiiiiiiiiieneeiiiiiiiissssaessissiesiisssssssssssssssmesssnssssssssssssssnnns 55
8  REFERENCES.......ciititiieeiiiiiiiiiiieeeiiiiiinineeesaeeissssssnsssnassssssssss s s sssssssssssssssnssssnssssssssssnnesnnns 56



1 BACKGROUND OF THE STUDY

Significant metabolic, immunological and hormonal changes occur during pregnancy in order to
support fetal growth and development.(1) The complex changes that are associated with the
gestational period are similar to those that occur in the metabolic syndrome such as insulin
resistance, glucose intolerance, elevated fasting blood-glucose levels, weight gain, low grade
inflammation, and variations in metabolic hormone levels.(1-4) In the same time with the
metabolic and immunological modifications, there are also noticeable alterations in the gut
microbiota during pregnancy.

Some recent studies have provided evidence that the gut microbiota composition could be
different between lean and obese individuals, and between patients with and without type 2
diabetes mellitus.(5—8) This evidence has led to the study of a fascinating potential link between
gut microbiota and metabolism, suggesting that impaired balance in the gut microbiota or the so
called dysbiotic microbiota could contribute to the development of different metabolic diseases
and furthermore may impact gestational metabolism and the development of GDM. Dysbiotic
microbiota is also reported to be involved in the diffusion of gut bacterial endotoxin into the
systemic circulation inducing a low-grade inflammatory response, which together with insulin
resistance could represent the hallmark pathway to the development of the cardiometabolic
complications of pregnancy such as gestational diabetes mellitus (GDM) and gestational
hypertension.(6,9—12) This remodeling of the gut microbiota during pregnancy in women with
gestational diabetes mellitus and their offspring are the focus of my research.

This study is of the utmost significance because the number of women being diagnosed with
gestational diabetes is constantly increasing in the world, so finding a simple and efficient way
such as understanding and possibly manipulating the gut microbiota in order to prevent women
developing gestational diabetes mellitus could be very important. The results of my research are
already published in two separate articles:

1. Changes in the gut microbiota composition during pregnancy in patients with gestational
diabetes mellitus (GDM). (13)

2. The microbiota composition of the offspring of patients with gestational diabetes mellitus
(GDM). (14)



2 GESTATIONAL DIABETES MELLITUS

2.1 Definition and epidemiology

Gestational Diabetes Mellitus (GDM) is considered one of the most common medical
complications of pregnancy.(15) GDM is defined as diabetes diagnosed in the second or third
trimester of gestation that is not clearly either type 1 or type 2 diabetes mellitus.(16) Women
diagnosed with diabetes in the first trimester of gestation are classified as having preexisting
pregestational diabetes that is mostly type 2 diabetes mellitus or very rarely type 1 diabetes
mellitus.

Most of the women do not receive screening for diabetes mellitus before pregnancy and
sometimes that can cause difficulties in distinguishing GDM form preexisting diabetes.

It is reported that the GDM occurs in about 7% of all pregnancies, this range is highly variable
between 1%-14%, depending mostly on the population and the diagnostic test used in the
studies.(17) The prevalence of GDM has been progressively increasing and it reflects the
increasing prevalence of obesity and T2DM in general population.(18,19) This happens most
likely due to the increased prevalence of the common risk factors for T2DM and GDM such as
obesity, sedentary lifestyle and older maternal age.(20)

According to the national prevalence data reported by the Ministry of Health every year in Italy
>40.000 pregnancies are complicated by the diagnosis of GDM. Moreover, it is predicted that in
the next years there’s going to be a further increase of the diabetes in pregnancy due to the
increased incidence of DMT2 in women in fertile age and the increased immigration from
countries with high prevalence of diabetes. (21)

2.2 Diagnoses and risk factors associated with GDM

The diagnosis and screening of GDM are subject of significant controversy in the literature
especially their cost-effectiveness. There is still no universally accepted consensus on the criteria
for the diagnosis of GDM. Different screening strategies are recommended by different
organizations. A one- or two-step approach can be used for the diagnosis of GDM. It is suggested
that the institutions should choose only one approach for consistency among patients.

Itis alsoimportant to remember that hyperglycemia first detected during pregnancy beside GDM
can also be classified as pre-existing diabetes mellitus or overt diabetes and it be diagnosed if
one or more of the following WHO criteria are met:

. fasting plasma glucose (FPG) = 7.0 mmol/I (126 mg/ dl)
J 2-hour plasma glucose > 11.1 mmol/I (200 mg/dl) following a 75g OGTT
J random plasma glucose (RPG) = 11.1 mmol/I (200 mg/ dl) in the presence of symptoms.

Despite the different approaches on the screening and diagnosis of GDM it is widely accepted
that pregnant women should be screened for GDM at 24-28 weeks of gestation with a laboratory-
based test using blood glucose levels. Earlier testing may be indicated for women at high risk.



Firstly some of the countries have adopted two-step approach proposed by the American College
of Obstetricians and Gynecologists (ACOG) committee, based on a glucose challenge (GCT) test
(50g-1h) and later an oral glucose tolerance test (100g-3h) if the result of the GCT is greater than
the cut-off value considered. In the evaluation of the oral glucose tolerance test (OGTT), two or
more abnormal values had been considered diagnostic for gestational diabetes.

This two-step approach was later on modified by the National Diabetes Data Group (NDDG)(22)
and Carpenter and Coustan (23), that proposed different diagnostic cut-off values for the
diagnosis of GDM, that were widely used in different countries, until some years ago when the
International Association of Diabetes and Pregnancy Study Group (IADPSG) reevaluating the
results of the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study, proposed new
diagnostic criteria based on one-step approach. At the beginning it was proposed evaluating the
first trimester fasting glycemia to exclude cases of pre-existing diabetes or overt diabetes mellitus
(Fasting plasma glucose (FPG)=126mg/dl or =7 mmol/L), and then IADPSG and American
Diabetes Association (ADA) suggested that all pregnant women between 24 and 28 weeks of
gestation should undergo 75g-2h oral glucose tolerance test (OGTT) after overnight fast
considering a diagnosis of GDM if there is presence of > 1 of any of the following criteria: (24)

» fasting plasma glucose > 92 mg/dL (5.1 mmol/L)
» 1-hour plasma glucose > 180 mg/dL (10 mmol/L)
» 2-hour plasma glucose > 153 mg/dL (8.5 mmol/L)

These IADPSG/ADA diagnostic criteria that are the most commonly used criteria worldwide, were
also accepted by the Italian Study Group on Diabetes in Pregnancy with the agreement of two
scientific societies: Italian Association of Diabetologist (AMD) and Italian Diabetes Society (SID)
and implemented in most Italian medical centers. (25) These criteria were further re-evaluated
only few months later when the Italian Institute of Health in the Guidelines of Physiological
Pregnancy, suggested that only the pregnant women with a defined risk factor for GDM should
undergo an OGTT between 24 and 28 weeks of gestation.(26,27) Critics of these international
criteria state that it causes over diagnosis of GDM and unnecessary interventions. That’s why the
suggestion of the Italian Institute of Health that the gestational diabetes diagnosis could be made
much more cost effective by screening only those patients who have at least one risk factor for
GDM. However, the decision of whether the screening for GDM should be performed in all
pregnant women or selectively in women that present risk factors for GDM is still a topic of
debate on an international level.

There are several risk factors related to the development of GDM including obesity and
overweight, advanced maternal age (235 years), personal history of prior GDM or glucose
intolerance, strong family history of type 2 diabetes mellitus, excessive weight gain during
pregnancy, macrosomia in previous and/or in index pregnancy, polycystic ovarian
syndrome(PCOS) and some ethnicities (Latino, South Asian (India, Pakistan or Bangladesh),
Middle Eastern (Saudi Arabia, United Arab Emirates, Iraq, Jordan, Syria, Oman, Qatar, Kuwait,
Lebanon or Egypt), Native Americans, African Americans, Pacific Islanders). It is reported that
previous adverse pregnancy outcome, multiple gestation, polyhydramnios and gestational
hypertension may also increase the risk of GDM.



Some authors have found a significant relative risk for the development of GDM with the
increased intake of the Western diet, high glycemic load and a low cereal-fiber diet.(28-30)
Micronutrients have also been found to influence glucose tolerance, women with lower daily
intake of vitamin C and vitamin D were found to be associated with an increased risk for GDM
compared with those women with higher intakes.(31,32)

Among all risk factors associated with GDM, increased maternal weight is the most evaluated
modifiable risk factor. Several studies have stated that the GDM prevalence is higher in the
categories of overweight (BMI 25-29.9 kg/m2) and obese women (BMI 30-34.9 kg/m2) compared
with pregnant women with normal weight (BMI 18.5-24.9 kg/m2). (33,34)

Table 1. Glucose threshold values for the diagnosis of GDM according to the IADPSG/ADA
diagnostic criteria

Measure of glycemia Glucose threshold
mg/dL mmol/L
Fasting plasma glucoses >92 mg/dL >5.1 mmol/L
1-hour post 75g OGTT glucose > 180 mg/dL >10 mmol/L
2-hour post 75g OGTT glucose > 153 mg/dL >8.5 mmol/L

2.3 GDM associated complications

Even though in most of the cases after delivery there is a restoration of the glucose tolerance and
the insulin sensitivity, numerous studies in the literature have demonstrated that diabetes
diagnosed during pregnancy is associated to a greater risk for adverse health outcomes and
complications for both the mother and the offspring. These can further be classified into short
and long-term maternal and fetal adverse outcomes. Consequently, there are two different
generations at risk.

2.3.1 Maternal complications

GDM has both short and long-term risks for the mother and the infant. It is associated with higher
incidence of maternal morbidity including hypertensive disorders such as preeclampsia,
eclampsia and gestational hypertension, polyhydramnios, birth trauma especially 3" -degree and
4th _degree lacerations after a vaginal birth, post-partum hemorrhage, Cesarean delivery with all
the complications that brings an operative delivery (infection, bleeding, thrombosis, wound
dehiscence) and preterm birth.(35)

Additionally, women with previous history of GDM are at an increased risk of long-term adverse
health outcome such as developing T2DM further in life, GDM in a subsequent pregnancy and an
increased risk of future cardiovascular diseases (CVD). One recent systematic review has
demonstrated that women with gestational diabetes had 7.43 times the likelihood of developing
type 2 diabetes compared with those who had a normoglycemic pregnancy (RR 7.43, 95% ClI
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4.79-11.51). Incidence of diabetes mellitus among women with a history of GDM has been shown
to range from 6% to 62%.(36) The predominant sources of difference in the reported incidence
rates are most probably attributed to the ethnic variation, length of follow-up, diversity in
selection and diagnostic criteria for GDM and diabetes mellitus.(37) Carr et al. studied a
population of women with a family history of type 2 diabetes and they found that those women
that were previously diagnosed with GDM were associated with an increased prevalence of CVD
at a significantly younger age in comparison with women without GDM. (38) Moreover, the risk
of the metabolic syndrome is increased 3-fold in women with prior GDM. (39)

2.3.2 Fetal and infant complications

There is an increasing body of evidence supporting the hypothesis that the abnormal metabolic
environment of the mother with GDM may affect some developing fetal tissues, organs, and
control systems, leading to short and long-term consequences for the infant. The fetal tissues
most likely to be affected are the pancreatic beta cells, adipocytes, muscle cells, and neural cells.
It has been shown that maternal hyperglycemia leads to fetal hyperglycemia which stimulates
fetal pancreatic islet cells to produce more insulin, so it eventually leads to fetal
hyperinsulinemia.

The most common short-term adverse outcome for the offspring in pregnancy complicated with
GDM seems to be the macrosomia defined as birth weight greater than 4000-4500 g or in other
words any fetus/infant weighing >90™" percentile. The macrosomia may lead to obstetric and
neonatal complications directly related to the size of the baby, including shoulder dystocia which
can lead to neonatal musculoskeletal and brachial plexus injury.(40,41) Untreated maternal
hyperglycemia during pregnancy also increases the risk for congenital malformations, stillbirth,
neonatal complications such as hypoglycemia, hypocalcemia and hyperbilirubinemia, respiratory
distress syndrome (RSD) and admission to the neonatal intensive care unit. (42)

Moreover, offspring of mothers with GDM are at risk of future chronic complications with greater
clinical relevance such as development of obesity and impaired glucose metabolism and diabetes
during childhood, adolescence, and adulthood. (42,43)

It is now clear that an abnormal intrauterine environment such as the intrauterine exposure to
hyperglycemia can have consequences on the offspring later life through the so call "fetal
programming”. However, the exact mechanisms by which having diabetes during pregnancy may
lead to these long-term complications in the offspring are still not fully understood.(44)
Children born by women with GDM had an eight times increased risk of developing diabetes or
prediabetes when they are 19-27 years old compared with children born from women without
GDM.(42,45)



2.4 Treatment of GDM

Early identification of women with GDM is of great importance because it is demonstrated that
prompt treatment could reduce both fetal and maternal adverse health outcomes. Once
gestational diabetes is diagnosed the recommended treatment consists of medical nutrition
therapy (MNT) and weight management, physical exercise, self-monitoring of blood glucose and
pharmacological therapy if required. (42)

After the diagnosis of GDM, the women should initiate immediately with non-pharmacological
approach including MNT and physical activity. In addition, frequent self-monitoring of blood
glucose is required in order to monitor the glycemic control of the pregnant woman and to
determine whether it is adequately achieved or there is necessity of initiating a pharmacological
therapy. In order to establish an appropriate dietary intake for women with GDM, several studies
were conducted to compare different types of diet. Even if diet is the cornerstone of the
treatment, by now there is no evidence for optimal medical nutrition therapy and weight gain for
women diagnosed with GDM. Exercise on the other hand is associated with improved insulin
sensitivity which might improve both fasting and postprandial glucose levels avoiding the use of
insulin in some women with GDM.(46)
The recommended glycemic targets for maternal capillary glucose after self-monitoring of the
blood glucose are:

e Fasting blood glucose <95 mg/dL (5.3 mmol/L) and either of

e 1-hour postprandial < 140 mg/dL (7.8 mmol/L)

e 2-hour postprandial £ 120 mg/dL (6.7 mmol/L)

Women with GDM who fail to maintain the glycemic targets with nutritional therapy and exercise
should initiate pharmacological treatment. Human insulin is the preferred pharmacological
treatment for GDM and is considered the first choice, while in some cases insulin analogues and
certain oral agents such as metformin and glyburide may also be used. Both metformin and
glyburide may be considered as second-line pharmacological treatment. However, the long-term
safety of using oral agents in GDM remains obscure.(47)

It has been demonstrated that 70-85% of women diagnosed with GDM can control GDM only by
lifestyle modification.(48)

Different studies suggest that treatment of gestational diabetes is effective in reducing
macrosomia, large for gestational age, shoulder dystocia, hypertensive disorders in pregnancy
and cesarean section.(49,50)

After delivery, most of the women return to their previous pre-gestational glycemic levels.
However, some of them may continue to have high glucose levels, so the current American
Diabetes Association guidelines recommend that women that were diagnosed with GDM should
undertake postpartum glucose testing using 75-g 2-hour oral glucose tolerance test and
nonpregnancy diagnostic criteria at 6—8 weeks postpartum and every 3 years afterwards.



2.5 Pathophysiology of GDM

Although gestational diabetes mellitus is one of the most common metabolic complications of
pregnancy and it represents an important public health concern, its pathophysiology is still not
fully understood. Pregnancy is a condition characterized with significant and complex metabolic,
immunological and hormonal changes. All these physiological changes occur in order to support
fetal growth and development.

Even though the pathophysiological mechanisms that can lead to development of GDM are not
yet completely explained, it is insulin resistance, low-grade chronic inflammation and pancreatic
B-cell dysfunction that are considered the major aspects responsible for its development. They
are also reported to be the key pathogenetic mechanisms of obesity and other metabolic
disorders such as T2DM.

The first trimester of pregnancy is characterized by increased insulin sensitivity, which promotes
the accumulation of adipose tissue in early pregnancy. During this period women are at risk of
hypoglycemia especially if accompanied by nausea and vomiting that often happens at the
beginning of pregnancy. This situation changes completely with the progression of pregnancy, so
in the second and third trimester there is a decrease in insulin sensitivity and an increase of the
insulin resistance in order to ensure an adequate supply of nutrients to the growing fetus. All
these physiological changes during pregnancy serve to meet the increasing metabolic demands
of the fetus, which requires 80% of its' energy as glucose, in the same time maintaining
euglycemia in the mother. (51)

During pregnancy in order glucose levels of the mother to be maintained normal, it is necessary
that maternal insulin secretion increases sufficiently to counteract this physiological decrease of
insulin sensitivity and consequently increase of the insulin resistance. The gestational diabetes
mellitus happens when there is insufficient insulin secretion to counteract and overcome the
pregnancy related increase in the insulin resistance. In the literature there are different
mechanisms that explain this increase of the insulin resistance that can be mediated by number
of different factors. It is thought that the production by the placenta of various hormones with
insulin-antagonistic effect could play a role in the induction of the insulin resistance. These are
the so called diabetogenic placental hormones that include human placental lactogen, prolactin
and increasing levels of progesterone. Various studies in the literature using animal models
provide evidence for the role of placental hormones in the induction of insulin resistance in
pregnant rats. According to them the increasing levels of progesterone, prolactin and human
placental lactogen play a causal role in the insulin resistance throughout pregnancy.(52,53)

Chronic low-grade inflammation seems also to contribute to the pathogenesis of GDM. Obesity
and overweight are frequent findings among women diagnosed with GDM. Obesity is considered
a state of low-grade chronic inflammation characterized by both inflammatory cells and
biochemical markers of inflammation that are produced in excess into the systemic circulation.
Pro-inflammatory cytokines have been discovered to both impair insulin signaling and inhibit
insulin release from B-cells. These inflammatory mediators are reported to influence alterations
in the post-receptor insulin signaling resulting in increased insulin resistance.(54)



Pregnancy and GDM are also characterized by an altered inflammatory profile compared to the
non-pregnant state. In normal pregnancy there is physiological regulation of the innate immune
system in order to prevent the rejection of the growing fetus. All these inflammatory conditions
are characterized by accretion of adipose tissue that is considered an endocrine organ that
produces an array of adipokines such as leptin, adiponectin, resistin and different cytokines often
collectively referred to as adipocytokines. Adipokines are involved in the regulation of maternal
energy metabolism and insulin resistance. Different animal and human studies have
demonstrated that obesity induces macrophage infiltration of adipose tissue which produce
various cytokines including TNF-a, IL-6, and IL-1B, MCP-1. These studies demonstrated for the
first time that there is a close association between the immunocompetent cells and the
adipocytes in an endocrine organ. (55,56) The inflammatory mediators act locally to provoke
inflammation in adipose tissue and increase peripheral insulin resistance. Obesity, T2DM and
GDM are associated with an increased number of resident adipose tissue macrophages that
produce these pro-inflammatory cytokines, like TNF-a, IL-6, and IL-1.(57)

Among the various pro-inflammatory cytokines, tumor necrosis factor-alpha (TNF-a) is reported
to have the major role in the development of T2DM.(58) TNF-a impairs insulin signaling and beta
cell function, which may directly contribute to GDM. Interleukin-6 (IL-6) in another inflammatory
marker found to be significantly higher in women diagnosed with GDM, compared with women
without GDM, independent of body mass index.(59-61) Different cross-sectional studies have
described increased circulating concentrations of leptin in women with GDM, which might
contribute to GDM pathophysiology by suppressing insulin secretion from pancreatic beta
cells.(62—64) Various studies described increased circulating concentrations of pro-inflammatory
adipocytokines in GDM. (59,62,65) However, data regarding the pattern of adipocytokines
secretion in normal and pregnancies complicated with GDM are very contradictory.(65-67)

There is an emerging evidence in the current literature that gut microbiota might play an
important role in the pathophysiology of different metabolic diseases, including GDM. Most
probably the gut microbiota is the missing piece of the puzzle that connects the major aspects
believed to be responsible for the development of GDM such as insulin resistance and low-grade
chronic inflammation. But how does gut microbiota affect our metabolism and influence our
health, contributing to a range of different diseases including GDM, is going to be widely
discussed in the next section.

3 GUT MICROBIOTA

The human body is home to a unique and complex microbial community defined as “microbiota”
including different bacteria, archaea, fungi, and viruses. On our body surfaces such as skin (skin
microbiota), gut (gut microbiota), vagina (vaginal microbiota), placenta (placental microbiota),
lungs (lung microbiome) reside a lot of different microorganisms. The human gastrointestinal
tract is the main site which host the majority of these microorganisms (mostly bacteria) widely
recognized as “gut microbiota” or “gut flora”. (68)

The gut microbiota is estimated to be composed of about 100 trillion microorganisms which
comprises 10 times more bacterial cells than the number of human cells in the body.
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(69,70)That’s why the microbiota is now considered a virtual organ of the human body and
together with the host they are referred to as “the superorganism”.(69,71,72) The number and
variety of bacteria increase exponentially from the upper gastrointestinal tract to the colon
where the bacterial count reaches around 102 colony-forming units (CFU) per gram.(73)

The collective genome of the gut microbiota known by the term microbiome, encodes over 3
million genes producing thousands of metabolites, which is about 100 times more genes than
our human genome consisting of approximately 23,000 genes.(69,74,75)

Every individual has a unique gut microbiota profile, just like our fingerprints. (76) Taxonomically,
bacteria are classified into phyla, classes, orders, families, genera, and species. The two dominant
bacterial phyla representing about 90% of gut microbiota are Firmicutes and Bacteroidetes.(74)
The other bacterial phyla such as Actinobacteria, Proteobacteria and Verrucomicrobia are less
abundant in the gut, but are reported to have a great impact on the host health.(10) The
Firmicutes phylum is composed of more than 200 different genera such as Lactobacillus,
Faecalibacterium, Bacillus, Clostridium, Roseburia, Enterococcus, Ruminicoccus ecc. Clostridium
genera represent 95% of the Firmicutes phyla. Bacteroidetes consists of predominant genera
such as Bacteroides, Alistipes and Prevotella. It is reported that species from the genus
Bacteroides alone constitute about 30% of all bacteria in the gut, suggesting that this genus is
especially important in the functioning of the human organism.(77) The Actinobacteria phylum
is mainly represented by the Bifidobacterium genus.(78)

There is an emerging evidence that the gut microbiome plays a crucial role in maintaining gut
homeostasis through interactions with the host immune system and metabolism. The host and
their microbiota have a symbiotic relationship, so these interactions are bilateral, affecting both
the host and the microbiome.

The gut microbiota has many specific functions in the human organism such as regulation of some
metabolic processes, maintenance of the structural integrity of the gut mucosal barrier,
immunomodulation, and protection of the host against pathogens. (79) Some of the metabolic
functions of the gut microbiota are well known, such as the fermenting of nondigestible plant
carbohydrates (starch and fibers) into short-chain fatty acids (SCFAs), such as acetic acid,
propionic, and butyric acid, which are then absorbed and used as energy source by the host.
SCFAs promote the growth of intestinal epithelial cells and control their proliferation and
differentiation. It has also been known that intestinal bacteria play a role in producing vitamin K,
vitamin B, as well as metabolizing bile acids, sterols, and xenobiotics. (79-81)

The true diversity of the gut microbiota and its functions are being revealed every day due to the
rapidly advancing field of high-throughput sequencing technologies and bioinformatics. The
traditional culturing methods are very limited in identifying and characterization of the gut
microbiota, in fact they can only detect around 30% of the total intestinal bacteria.(82) However
with the advances of the novel culture-independent methods such as metagenomics and next-
generation sequencing (NGS) technologies, an important progress has been made in the study of
the gut microbiota. Moreover, functional metagenomics and metabolomics can help identifying
novel functional genes, microbial pathways, antibiotic resistance genes, metabolites present in
the sample and can determine interactions and co-evolution between microbiota and the host,
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yet there are still some limitations.(83) Consequently, the analysis of the gut microbiota in the
last few years has emerged as one of the most dynamic and exciting area of research in medicine.

The gut microbiota of every person is shaped in early life. The development of the human
microbiota is a dynamic process that starts right after birth and is reported to obtain stability,
resembling the microbiota of a healthy adult by 2-3 years of age.(84,85) The establishment of
the human microbiota goes through different life stages characterized by notable differences in
terms of diversity and variation. The neonatal gut microbiota is characterized by low diversity
and a relative dominance of the phyla Proteobacteria and Actinobacteria, subsequently there is
a gradual increase in the phylogenetic diversity of the microbiota over time with the emergence
of the dominance of the phyla Firmicutes and Bacteroidetes, that characterizes the adult
microbiota. (68,85)

There are some factors that can influence the initially developing microbiota during early life
such as: gestational age (pre-term or full-term birth), mode of delivery (vaginal delivery or
cesarean section), types of feeding (breast-fed or formula fed), weaning period (cessation of
breastfeeding and introduction to solids), infant hospitalization and some environmental factors
(e.g. antibiotic use).

Starting from the birth of the infant, the mode of delivery strongly affects the composition of the
microbiota. In the case of caesarean delivery (C-section), newborns are exposed and acquire
bacteria deriving from the hospital environment and the mother’s skin (Staphylococcus,
Corynebacterium, Propionibacterium spices) which form the basis for the initially developing
microbiota instead the exposure of the vaginal and fecal bacteria from the mother in case of
vaginally born infants.(86,87) Moreover, the intestinal microbiota of neonates delivered by
cesarean delivery are less diverse in terms of bacteria species than the microbiota of vaginally
delivered infants.(88) It is reported that the microbiota of breast-fed infants is dominated by
Bifidobacteria whereas the microbiota of exclusively formula-fed infants have a greater
abundance of Escherichia coli, Clostridium difficile, Bacteroides fragilis and Lactobacilli.(89)

The effect of gestational age on the gut microbiota development is shown by the results of a few
studies reporting that the microbiota of hospitalized, preterm infants differs from that of healthy,
full-term offspring. (90-92) Moreover, hospitalization and prematurity were associated with
higher prevalence of Clostridium difficile, which on the other side might explain the increased
incidence of gastrointestinal problems in premature infants.(91)

The weaning period or the introduction of solid food to the infants is a period where important
changes of the gut microbiota happens and is reported that in this period the microbiota of
breastfed infants and the microbiota of formula-fed infants become closer to each other and is
characterize by predominance of the genera Bifidobacterium, Clostridium coccoides, and
Bacteroides.(93)

In a healthy individual later in adult life the core gut microbiota remains relatively stable, still in
this period there are some factors that can also influence the variations in our gut microbiota.
These factors include diet, body mass index (BMI),age, genetics, physical activity and antibiotic
use. (79,85) The dietary and cultural habits seem an important determinant in shaping the
microbiota composition, diversity and richness throughout adulthood. It is now well known that
healthier dietary pattern and intake of diet rich in fruits, vegetables and fibers is associated with
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a higher richness and diversity of the gut microbiota.(94,95) On the other hand high fat diet is
found to be associated with increased intestinal permeability (caused by high levels of
Lipopolysaccharide-LPS), endotoxemia and low-grade inflammation.(96) Previous findings have
demonstrated that the gut microbiota composition is being more similar in individuals that are
genetically related, that belong to the same age group, or with a common dietary and cultural
habits.(97—99)

We have seen that wide range of factors contribute to the diversity of the microbiota and can
cause shifts in the composition of the core gut microbiota which is known as dysbiosis. The
dysbiosis is associated with long-term consequences on human health and can lead to different
diseases.

3.1 Gut Microbiota in Disease

While some of the changes that occur in the gut microbiota composition throughout host life
promote good health and survival and therefore are considered beneficial, others cause an
imbalance in this complex microbial system and are associated with numerous diseases. With the
introduction and the advances of the Next generation sequencing techniques there is a
considerable increase in the amount of evidence on the role of gut microbiota in different disease
states such as obesity, diabetes (TIDM, T2DM and GDM), metabolic syndrome, inflammatory
bowel disease (IBD), nonalcoholic steatohepatitis, asthma, allergies, Crohn's disease, ulcerative
colitis, celiac disease and cardiovascular disease.(71,100-104)

Although, there is still not a clear definition of a healthy gut microbiota, it is evident now that the
composition of the gut microbiota in healthy individuals is highly diverse than the composition
of the gut microbiota in individuals with pathologic conditions.

Some recent studies have provided evidence that the gut microbiota composition is different
between lean and obese individuals and also between patients with and without diabetes
mellitus.(5,7,105) This evidence has led to the study of a fascinating potential link between the
gut microbiota and metabolism, suggesting that impaired balance in the gut microbiota could
contribute to the development of different metabolic diseases like obesity, diabetes and
metabolic syndrome. There are different mechanisms related to the gut dysbiosis that are
hypothesized to play a role in the pathogenesis of these metabolic conditions such as alteration
of the intestinal permeability, modification of the host intestinal immunity, aberrant production
of SCFA, increased energy harvest from the diet, abnormal gut peptide secretion, dysregulation
of the endocannabinoid (eCB) system, increased lipopolysaccharide (LPS) uptake through the
Toll-Like receptor 4 (TLR-4) and induced endotoxemia and low-grade chronic
inflammation.(106,107)

Accumulating data in both animal and human models showed an increase in the relative
abundance of Firmicutes and decrease in the relative abundance of Bacteroidetes in both obese
mice and individuals.(108,109) Other studies instead have failed to reproduce these findings and
showed a divergent results with respect to the changes in the gut microbiota in obese
individuals.(110-113) For instance Santacruz et al have detected a reduced numbers of
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Bifidobacterium and Bacteroides and increased numbers of Staphylococcus, Enterobacteriaceae
and Escherichia coli in overweight compared with normal-weight pregnant women.(111)

Because of the anatomical, histological, genetical and physiological similarities between the
gastrointestinal tract of mice and humans, the murine models have provided crucial insight in the
role of the gut microbiota in health and disease. Turnbaugh et al. have demonstrated that a
transfer of the gut microbiota from obese mice to germ-free mice resulted in significant increase
in weight in the recipient mice, suggesting that the “obese” microbiota has an increased capacity
to harvest energy from the diet and is in some way implicated in obesity. (114,115) In addition
increased weight gain was also observed when gut microbiota from obese people was
transferred to germ-free mice.(116,117) These observations have paved the path for the
introduction of the Fecal microbiota transplant (FMT) as a novel therapeutic method in the
treatment of different pathologic conditions. FMT has emerged as a new and promising
therapeutic approach for Clostridium difficile infection.(118,119)

Obesity is one of the main risk factors for metabolic syndrome, and together with insulin
resistance predisposes patients to the development of T2DM and cardiovascular disease. There
are recent studies that associate specific alterations in the gut microbiota not only to obesity but
also toinsulin resistance and T2DM.(120,121) The results of one experimental study showed that
fecal microbiota transfer from lean, healthy donors to obese recipients with metabolic syndrome
resulted in a significant increase in insulin sensitivity in the obese recipients after the fecal
microbiota transplantation.(122)

There are multiple reports providing evidence to support the concept that obesity and diabetes,
as metabolic alterations are both associated with a state of low-grade inflammation. According
to recent studies it is emerging that the gut microbiota plays a critical role in this low-grade
inflammation and is involved in the development of the metabolic disorders. It is hypothesized
that the gut microbiota is promoting this inflammatory state by distinct mechanisms.

First the lipopolysaccharide (LPS) which is a component of the Gram-negative bacteria wall has
been suggested to cross the mucosal barrier of the intestine on newly synthesized chylomicrons
by the epithelial intestinal cells, into the bloodstream. (105,121,123) The LPS is considered one
of the most potent and well-studied inducers of inflammation. Increased plasma levels of LPS is
defined as metabolic endotoxemia. (105) Another mechanism that was hypothesized to be
involved in the onset of inflammatory state in the metabolic alterations is the increased
permeability of the intestinal mucosa. Some studies have demonstrated that the gut microbiota
associated with T2DM produces lower levels of short-chain fatty acids (SCFAs) which are known
to support the integrity of the intestinal mucosa.(124,125) SCFA are produced by bacterial
fermentation of nondigestible plant carbohydrates, and it is reported that Bacteroidetes provide
most of the acetate and propionate, whereas Firmicutes are believed to be the primary producers
of butyrate.(126,127) Inadequate production of SCFA leads to an increase in the permeability of
the intestinal mucosa, allowing gut bacteria (LPS) to traverse and enter the circulation. LPS which
is pathogen-associated molecular patterns (PAMPs), then binds to a specific molecules called
pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) expressed by cells of the
innate immune system of the host and elicit pro-inflammatory cytokine production, resulting in
a chronic low-grade inflammation state. (105,128)
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Consistently with this hypothesis, one study has reported significantly increased circulating levels
of LPS in patients with T2DM when compared with matched controls.(129) Cani et al. have
demonstrated that mice chronically exposed to low levels of LPS over a short period of time,
gained weight and became resistant to insulin. (11)

However, more large-scale human studies are needed in order to disclose the exact mechanism
that stays behind the low-grade inflammation and its involvement in the development of the
metabolic disorders like obesity, diabetes (T2DM, GDM) and metabolic syndrome.

3.2 Gut Microbiota and Pregnancy

Over the course of normal, physiological pregnancy significant metabolic, immunological and
hormonal changes take place in order to support fetal growth and development.(130) During
gestation there is an increase in the levels of some hormones such as progesterone, estrogens,
human placental lactogen, prolactin and some complex immune changes occur. On one hand
especially at the beginning of pregnancy there is a moderate immune suppression needed for the
mother’s body to accept the growing fetus and on the other hand there is a modulation in the
immune system in order to protect both of them from pathogens.(131)

Towards the third trimester of pregnancy many of the metabolic changes that occur including
maternal weight gain, elevated fasting blood-glucose levels, decreased insulin sensitivity and
increased insulin resistance, augmented circulating pro-inflammatory cytokines and low-grade
inflammation are reported to be very similar to those that occur in the metabolic syndrome.(132)
Nowadays there is an increasing amount of evidence that together with these changes there are
also profound alterations in the gut microbiota composition from the first to the third trimester
of pregnancy.

Studies on the gut microbiota composition during gestation have reported highly divergent
results. Some of the studies have reported that the gut microbiota remains relatively stable
during pregnancy others instead have demonstrated that there is a dramatic change in the gut
microbiota composition from the first to the third trimester of pregnancy with a decrease in the
bacterial richness and the within subject (a) diversity, increase in the between-subject (B)
diversity, an increase in Proteobacteria and Actinobacteria and a decline in butyrate-producing
bacteria such as Faecalibacterium prausnizii at the end of pregnancy.(132,133) Authors reported
that together with the increased adiposity in the third trimester of pregnancy they found higher
levels of circulating glucose, leptin, insulin, cholesterol, pro-inflammatory cytokines TNFa, IFNy
IL2, IL6, and also significant changes in the HOMA index associated with a greater inflammatory
response and insulin resistance. Moreover, Koren et al. also used an animal model which showed
that the transfer of the gut microbiota from the third trimester of pregnancy to a germ-free mice
induced greater adipose tissue accumulation and greater insulin resistance when compared to
the first trimester gut microbiota transferred to a germ-free mice.(132) These observations
appear similar to those observed in obese individuals.
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It has been hypothesized that the composition of the maternal gut microbiota may in some way
be related and influenced by pre-pregnancy weight and weight gain during pregnancy.
Overweight pregnant women were found to have significantly higher levels of Bacteroides,
Clostridium and Staphylococcus when compared to women with normal weight.(134)

Excessive weight gain over the course of pregnancy was associated with high Bacteroides
concentrations, increased abundance of Enterobacteriaceae and Escherichia coli, reduced
abundance of Bifidobacterium and Akkermansia muciniphila and decreased within subject (a)
diversity in comparison to normal weight gain during pregnancy.(111,134,135)

Besides the body weight and the weight gain during pregnancy different metabolic biomarkers
were correlated to specific taxa from the gut microbiota such as increased relative abundance of
Staphylococcus was correlated with increased plasma cholesterol values, while increased
Bacteroides abundance was related to increased HDL-cholesterol and reduced levels of
triglycerides. (111)

Gomez-Arango et al. have also suggested that the modifications in the metabolic hormone levels
in overweight and obese pregnant women during pregnancy are associated with alterations in
the maternal gut microbiota composition. Their results have shown a positive correlation of the
genus Collinsella (phylum Actinobacteria) with insulin, C-peptide, and HOMA-IR and triglycerides,
from the adipokines leptin levels were strongly correlated with Ruminococcaceae and
Lachnospiraceae, that are described as dominant families in the host energy metabolism.(136)
Based on these findings, it seems plausible that the gut microbiota is implicated in the regulation
of the glucose and lipid metabolism during pregnancy and scientists are now trying to unravel
the complex mechanisms behind these observations.

3.3 Gut Microbiota in women with GDM and their offspring

The increased insulin resistance observed towards the end of normal, physiological pregnancy
and considered beneficial for the developing fetus, when combined to an inadequate insulin
secretion required to maintain euglycemia, in certain women lead to the development of
gestational diabetes mellitus. GDM was found to be associated with specific changes in the gut
microbiota composition. (137-139)

Our knowledge of the composition of the gut microbiota in women with metabolic complications
of pregnancy such as GDM is still based on few studies with very contradictory results. Some of
the studies have reported that there was no difference in the gut microbial composition between
women with GDM when compared to healthy pregnant women, although women with GDM
tended to have the most depleted microbial richness in the first trimester of pregnancy.(132)
Others have reported decreased placental abundance of Bacteroidetes, Firmicutes and
Acinetobacter genus and increased placental Proteobacteria in women with GDM in comparison
with normoglycemic mothers.(133,140) Crusell et al. instead have demonstrated that women
with GDM has an altered gut microbiota at various levels, including phylum and genus levels
when compared with normoglycemic pregnant women. GDM women showed an increased
abundance of the phylum Actinobacteria and the genera Collinsella, Bacteroides, Rothia, and
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Desulfovibrio.(137) They have also demonstrated that after about 8 months postpartum, the gut
microbiota of women with previously diagnosed GDM is still different from women who had a
normal pregnancy and that the gut microbiota composition of women with GDM, both during
and after pregnancy, resembles the aberrant microbiota composition of non-pregnant individuals
with type 2 diabetes and metabolic syndrome. (137)

Recently Kuang et al. have compared the gut microbial composition between GDM patients and
healthy pregnant women via whole-metagenome shotgun sequencing of their fecal samples,
trying to elucidate the associations between GDM and the composition of different microbial
taxonomic units and functional genes.(141) This study indicated that some species such as
Parabacteroides distasonis, Klebsiella variicola were enriched in GDM patients, whereas
Methanobrevibacter smithii, Alistipes, Bifidobacterium and Eubacterium were enriched in the
normoglycemic controls. Moreover, they have demonstrated differences in the distribution of
metagenome linkage groups (MLGs) in GDM patients, as well as differences in the functional
analysis showing a greater abundance of membrane transport, energy metabolism pathways,
lipopolysaccharide, and phosphotransferase systems in the microbiome of GDM patients when
compared to the control group. (141) The cross-sectional design of most of these studies did not
allow to draw conclusions about the causal relationships of the associations found.

Whether the dysbiosis of the gut microbiota is just a consequence and a reflection of the disease
or a cause and a driving factor resulting in a disease is still a controversial and debated topic in
the literature nowadays. However, the finding that a different microbial pattern precedes the
onset of GDM leads to the hypothesis that microbiota alterations might have a role in the
pathogenesis of GDM.(132,142)

Interestingly, different studies have reported that specific microbial taxa associated with GDM
can be transmitted to the offspring and can differentiate their gut microbiota from that of the
offspring of normoglycemic women.(138,143—-145) It is now well known that the maternal
environment affects the offspring health. The newborn gut microbiota was thought to be sterile,
but recent studies show that specific bacteria or bacterial components are already present in the
gut in utero before birth. The most important period for the colonization and development of
the offspring gut microbiota is the early life which is strongly influenced by maternal health
factors and pregnancy conditions and participates in the development programming of the
newborn and the maturation of their immune system.(146—148) The dysbiosis of the infant’s
microbiota in early life has been associated with many inflammatory, immune-mediated, allergic,
and dysmetabolic diseases in later life.(146,149,150) Children’s obesity, asthma, non-alcoholic
hepatic liver diseases, aberrant cardiac growth are, among others, the conditions that have been
associated with maternal/newborn dysbiosis.(146,151,152) However, uncertainty still exists
about the microbiota offspring colonization, and both the modality and the timing of the
microbial exposure for the fetus/newborn are controversial.(153-156)

GDM has been associated with increased risk for the offspring of developing dysmetabolic
diseases, such as obesity and diabetes mellitus.(157) As previously mentioned, according to the
results of some recent studies, the gut microbiota in newborns from mothers with GDM was
significantly different from the microbiota of the control newborns, but only few data are
available about the associations between maternal characteristics and newborn microbiota
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pattern. Maternal fasting glucose concentrations were found to be correlated positively with the
relative abundance of phylum Actinobacteria and genus Acinetobacter, and negatively with the
phylum Bacteroidetes and the genus Prevotella.(145)

We hypothesized that some of the maternal metabolic characteristics may impact on the
offspring’s gut microbiota. The possibility of early modulation of the offspring gut microbiota by
acting on specific maternal factors and/or characteristics is a topic of great interest.

Bearing in mind the highly divergent results deriving mostly from cross-sectional studies, we
designed a prospective observational study aimed to evaluate the dynamic changes of the
microbiota occurring throughout pregnancy in women with GDM and the characterization of the
gut microbiota of their offspring.

4 AIMS AND OBIJECTIVES OF THE STUDY

The objectives of the first (1°!) phase of this study were evaluating:

1) whether the within-patient gut microbiota composition varied from the second to the
third trimester of pregnancy.

2) whether patients with greater adherence to dietary recommendations presented a
different microbial pattern than the less adherent ones.

3) whether changes in the gut microbiota composition were associated with variations in
some anthropometric and metabolic variables.

4) whether specific microbiota oligotypes were implicated in these associations.

Instead the aims and objectives of the second (2"%) phase of the study were evaluating:

1) whether maternal metabolic variables and pregnancy outcomes of GDM patients are
associated with the gut microbiota composition of their offspring.

2) And whether there are differences the gut microbiota composition of the offspring of
mother with GDM when compared to the gut microbiota of the offspring of healthy
normoglycemic women.

5 EXPERIMENTAL PART OF THE STUDY (1%t PHASE)

5.1 Methods

5.1.1 Recruitment of patients

This is a prospective cohort study including 50 pregnant women diagnosed with GDM,
consecutively recruited from the “Citta della Salute e della Scienza” Hospital of Turin from April
2016. Each participant gave her written informed consent to participate in the study. The study

18



protocol was approved by the Ethics Committee of the “Citta della Salute e della Scienza” Hospital
of Turin (approval 707/2016). All research was performed in accordance with relevant
guidelines/regulations.

In order to be included in the present study the participants had to meet the following inclusion
criteria: gestational age between 24th and 30th weeks, Caucasian race and GDM diagnosed with
Oral Glucose Tolerance Test (OGTT with 75g glucose). Instead women who met the following
criteria were excluded from the study: twin pregnancy, use of prebiotics/probiotics, antibiotics
or any drug during pregnancy, history of known, underlying disease before or during gestation
(overt diabetes mellitus, hypertension, cardiovascular, pulmonary, autoimmune, joint, liver or
kidney diseases, thyroid dysfunction, cancer, any other disease/condition), and 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 1 h post-OGTT
glycemia 2180 mg/dL and/or 2 h post-OGTT glycemia =153 mg/dL, according to international
criteria.(158) In our cohort, all the patients with GDM routinely received dietary counselling and
nutritional recommendations in line with the current guidelines (carbohydrates 45% of total
energy, rapidly absorbed sugars <10% of total energy, proteins of 18-20% total energy, fats 35%
of total energy, at least 20-25 g/day fiber intake, no alcohol).(158) Additionally, 30-min daily
moderate exercise was recommended (i.e. brisk walking).

Patients were instructed to self-monitor finger-prick capillary blood glucose at least 4 times per
day. Insulin treatment was prescribed by the physicians in the presence of hyperglycemia, in
accordance with guidelines.(25,159)

5.1.2 Collection of samples, anthropometric measurements and dietary information

Questionnaires, anthropometric measurements, 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).
There was a continuous contact with the patients, through weekly telephone contact, in order to
be aware of the progress of the pregnancy.

Stool samples were self-collected by the patients.(160) They were instructed on how to self-
collect the samples, and all materials were provided in a convenient, refrigerated, specimen
collection kit. Patients were also 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 10 g) and immediately stored at 4 °C.
The specimens were transported to the laboratory within 12 hours of collection at a refrigerated
temperature. At the arrival to the laboratory the containers were immediately stored at -80 °C
for DNA extraction. No storage medium was used.

The study participants completed a 3-day food record (2 weekdays and 1 weekend day) and the
Minnesota-Leisure-Time-Physical Activity Questionnaire at enrolment and at the study end.(161)
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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.

Data relative to pre-pregnancy weight was self-reported. Instead, weight, height, and arterial
blood pressure (BP) were measured at time of enrolment, and weight and BP were also
remeasured 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 has been reported.

Babies were classed as large for gestational age (LGA) if their birthweight was >90th percentile,
considering neonatal anthropometric standards for Northern Italy.(162)

5.1.3 Blood analyses

Serum glucose was measured by the glucose oxidase method (Sentinel Ch., Milan) with an intra-
assay CV of 1.1% and an inter-assay CV of 2.3%. HbA1c levels were determined by a latex-based
method (Sentinel, Milan, Italy). The intra-assay e inter-assay CVs were respectively 1.1-1.5% and
1.1-1.6%. Triglycerides and cholesterol were assayed by enzymatic colorimetric assays (Sentinel,
Milan) with an intra-assay CV of 3.0% and an inter-assay CV of 3.5% for triglycerides and with an
intra-assay CV of 2.2% and an inter-assay CV of 3.4% for cholesterol. HDL-cholesterol was
determined by enzymatic colorimetric assay after precipitation of LDL and VLDL fractions using
heparin-MnCI2 solution and centrifugation at 4 °C and it had an intra-assay variation CV of 2.5%
and an inter-assay CV of 4.1%. Insulin was measured by a biotin labelled antibody-based
sandwich enzyme immunoassay (LDN, Germany). The kit had a sensitivity of less than 1.8 U/mL
and a range of 0-100 U/mL. The intra-assay and inter-assay CVs were respectively 1.8-2.6% and
2.9-6.0%. Serum CRP values were determined using a high-sensitivity-latex agglutination assay
on HITACHI 911 Analyzer (Sentinel, Milan). The intra-assay and inter-assay CVs were 0.8-1.3%
and 1.0-1.5%, respectively. All laboratory measurements were centralized.

Body Mass Index (BMI) was calculated as weight divided for the square of height. The
Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) was calculated according to the
published algorithm.(163) Adherence to the given dietary recommendations was considered in
the presence of all the following criteria: consuming at least 20 g/day fiber (or increasing fiber
intake more than 50% than enrolment) and reducing sugars <10% of total energy and abolishing
alcohol intake.
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5.1.4 Fecal DNA extraction

Nucleic acid was extracted from the feces samples collected. Total DNA from the samples was
extracted using the RNeasy Power Microbiome KIT (Qiagen, Milan, Italy) following the
manufacturer’s instructions. One microliter of RNase (lllumina 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/pL.

5.1.5 16S rRNA amplicon target sequencing

Culture-independent approach or High-throughput amplicon target sequencing (HTS) was used
for the analysis of the composition of the maternal gut microbiota. More precisely, DNA directly
extracted from the 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.(164) 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 lllumina guidelines. The sequencing was
performed with a MiSeq Illumina instrument (lllumina) with V3 chemistry and generated 250 bp
paired-end reads according to the manufacturer’s instructions.

5.1.6 Bioinformatics analysis

Paired-end reads were first assembled using FLASH software with default parameters.(165) Joint
reads were further quality filtered (at Phred <Q20) using QIIME 1.9.0 software and short reads
(<250 bp) were discarded through Prinseq. (166,167)Chimera filtering was performed through
USEARCH software version 8.163. Operational Taxonomic Units (OTUs) were picked at 97% of
similarity threshold by UCLUST algorithms and centroids sequences of each cluster were matched
to the Greengenes 16S rRNA gene database version 2013.(168) 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, for example when the taxonomy
assignment was not able to reach the genus, family name was displayed. Phylogenetic
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Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to
predict abundances of KEGG orthologs (KO) based on 16S-based structure of the microbiota.(169)
The KO abundance table was then collapsed at level 3 of the KEGG annotations in order to display
the inferred metabolic pathways and the table was imported in gage Bioconductor package in
order to carry out pathway enrichment analysis to identify biological pathways overrepresented
or underrepresented between samples.(170)

5.1.7 Oligotyping analysis

In order to identify sub-OTUs populations, reads assigned to genera within Ruminococcaceae and
Lachnospiraceae were extracted and entropy analysis and oligotyping were carried out.(171)
Briefly, the extracted reads were then used to identify nucleotide positions that will explain the
maximum amount of biological diversity across the samples utilizing Shannon entropy in order
to identify positional variation to facilitate the identification of nucleotide positions of
interest.(171) Only Blautia and Roseburia oligotypes showed a higher level of entropy and were
the only two taxa able to be differentiated in sub-OTUs. After the first round of oligotyping, high
entropy positions were chosen (-C option) 8,9, 12, 223, 225, 247, 261, 282, 432, 433 for Blautia;
while position 8, 9, 12, 245, 432, 433 and 434 were chosen for Roseburia. To reduce the noise,
each oligotype was required to appear in at least 10 samples, occur in more than 1.0% of the
reads for at least one sample, represent a minimum of 500 reads in all samples combined, and
have a most abundant unique sequence with a minimum abundance of 100. BLASTn was used to
qguery the representative oligotype sequences against the NCBI nr database, and the top hit was
considered for taxonomic assignment.

5.1.8 Statistical analysis

Gut microbiota a-diversity was assessed by Chaol index, estimating the number of different taxa,
and by Shannon diversity index, evaluating the taxa richness and evenness calculated using the
diversity function of the vegan package in R environment (http://www.r-project.org).(172)

OTU table was used to build a principal-component analysis (PCA) as a function of the sampling
time by using the made4 package of R. ADONIS and ANOSIM statistical test was used to detect
significant differences in the overall microbial community by using the Weighted UniFrac distance
matrices and the OTU table.

Not-normally distributed variables were presented as median (range interquartile). The
individual differences (deltas) between end of the study values minus baseline values were
calculated. The delta median values were reported. Within-participant differences in bacterial
richness and in the variables at enrolment compared with values at the pregnancy-end were
evaluated by paired-sample t-test, or Wilcoxon matched pairs test, as appropriate. Differences
between categorical variables were computed by chi-square test.
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Box plots represented the interquartile range between the first and the third quartile, with the
error bars showing the lowest and the highest value. Pairwise Spearman’s non-parametric
correlations were used to study the relationships between the relative abundance of microbial
taxa or oligotypes and metabolic variables, and between gut microbiota and inferred metabolic
pathways. The correlation plots were visualized in R using the corrplot package of R.

The associations between blood pressure and laboratory variables (dependent variables) with
OTUs were calculated using a multiple regression model, after adjusting for age and weight (at
baseline) or adjusting for age, weight change, and adherence to the given dietary
recommendations (at the pregnancy end) (Statistica, ver. 7.0; StatSoft Inc., Tulsa, OK, USA).

Bonferroni’s correction for multiple comparisons was applied, a P value of 0.002 or lower was
considered as statistically significant.

5.2 Results

5.2.1 Characteristics of the participants

Data of 41 patients were analyzed, because nine women did not return the stool samples and
were therefore lost to follow-up. The clinical characteristics of the study participants did not
differ from those of the 9 women who dropped out (data not shown).

Seven women (17.1%) gave birth before the 38th week of gestation. These patients provided the
fecal and blood samples and the food questionnaire about a week before all the others (37th
week); they did not differ regarding nutritional, anthropometric, or metabolic characteristics
when compared to the others.

Most of the study participants were overweight women, with excessive fat intake and lower than
recommended fiber consumption. 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
pattern of the participants worsened, as usually occurs during the third trimester of pregnancy
(Table 2).
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Table 2. Characteristics of the participants at enrolment and at the study end.

At enrolment Study end P*
Number of study participants 41 41
Age 37.14.2
Pre-pregnancy weight (kg) 69.3+14.6
Pre-pregnancy BMI (kg/m2) 25.8+5.9
Nulliparous 58.5
Education (%)
Primary school 17.1
Secondary school 41.5
University degree 41.5
Anthropometric and Blood measurements
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/m2) 28.2+5.3 29.4+5.4 <0.001
Systolic BP (mmHg) 110.8+11.7 116.1+11.6 0.02
Diastolic BP (mmHg) 72.9+7.5 75.849.1 0.07
Fasting glucose (mg/dL) 97.9+19.2 96.6+19.1 0.57
Fasting insulin (uU/mL) 10.1 (8.4) 11.6 (10.0) 0.02**
HOMA-IR (mmol/L*uU/mL) 2.3(1.9) 2.8(2.7) 0.15**
Total cholesterol (mg/dL) 234.1+32.4 257.0+48.6 <0.001
HDL-cholesterol (mg/dL) 65.8+13.4 67.0+15.6 0.54
Triglycerides (mg/dL) 173.3+53.0 259.2+70.5 <0.001
CRP (mg/L) 4.1(4.2) 4.5 (7.5) 0.007**
Pregnancy outcomes
Insulin treatment (%) 9.8
Cesarean section (%) 24.4
Gestational age at delivery (weeks) 39.241.2
LGA newborns (%) 9.8
Male newborns (%) 53.7

BMI=body mass index, METS=metabolic equivalent of activity, BP=blood pressure, HOMA-
IR=Homeostasis Model Assessment-Insulin Resistance, HDL=high density lipoprotein, LDL=low-
density lipoprotein, CRP=C-reactive protein. Values are expressed as meantstandard deviation
or median (interquartile range) *paired-sample t-test, **Wilcoxon matched pairs test

5.2.2 Adherence to the dietary recommendations

After the dietary counselling, 34.1% 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
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(Table 3). 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 3. Characteristics of the participants by adherence to the lifestyle recommendations and
median changes from enrolment (deltas).

Baseline Study End Delta
Adherent Non p Adherent Non P Adherent Non P*
adherent adherent adherent
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/m2) 28.0+8.0 24.7+4.3 0.09
Nulliparous (%) 64.3 55.6 0.27
Education (%)
Secondary school 42.9 40.7
University degree 42.9 40.7 0.94
METS (h/week) 32.3(37.00) | 24.5(38.0) |039* |27.9(31.5 |23.3(32.3) |0.08* | 0.0 0.0 0.17
Weight (kg) 78.6 £16.7 7431104 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 30974 28.6£3.8 0.18 +0.7 +1.2 0.10
Systolic BP (mmHg) 111.7+12.8 | 110.3+11.4 | 0.73 117.1+12.2 | 115.6+11.5 | 0.70 +7.0 +4.0 0.61
Diastolic BP (mmHg) 71.8+9.0 73.51+6.6 0.49 77.9+10.2 74.7 £ 8.5 0.29 +7.0 0.0 0.21
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
Post-prandial glucose (mg/dL) 106.3 £8.3 118.1+12.9 | 0.004
HbA1lc (%) 4.8+0.9 46+0.8 0.42 4.8+0.8 5.0+0.8 0.40 +0.1 +0.5 0.19
Fasting insulin (nU/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*uU/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
Total cholesterol (mg/dL) 227.1+33.1 | 237.8+32.1 | 0.32 246.3+41.5 | 262.6+51.7 | 0.32 +20.0 +27.0 0.82
HDL-cholesterol (mg/dL) 68.0+11.5 64.6 +14.4 0.45 68.9+12.4 66.0+17.1 0.58 +1.0 +1.0 0.73
Triglycerides (mg/dL) 159.1+57.4 | 180.6+50.1 | 0.22 246.5+81.7 | 265.9+64.5 | 0.41 +76.5 +91.0 0.65
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
Pregnancy outcomes
Insulin treatment (%) 7.1 11.1 0.68**
Cesarean section (%) 21.4 25.9 0.75%**
Gestational age at delivery 39.2+1.3 39.2+1.2 0.91
LGA newborns (%) 7.1 11.1 0.68**
Male newborns (%) 50.0 55.6 0.74%**
BMI =body mass index, METS =metabolic equivalent of activity, BP =blood pressure,

HbA1lc = glycated hemoglobin, HOMA-IR = Homeostasis Model Assessment-Insulin Resistance,

HDL = high density

lipoprotein,

LDL = low-density

lipoprotein,

CRP = C-reactive protein,

LGA = large-for-gestational age. Values are expressed as mean + standard deviation or median
(interquartile range); deltas = median values of the following difference: (end-of the study values
minus baseline values). P-values were calculated by t-student test or chi-square test; *P-values
by Mann-Whitney test; **P-values by Chi-square test.

5.2.3 Microbiota composition at enrolment and at the study end
The microbiota a-diversity values were significantly different between subjects at enrolment-2nd
trimester of pregnancy when compared to subjects at the end of the study-3rd trimester of
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pregnancy (P <0.001). In particular, species richness, number of different species and the
Shannon index were significantly higher at the end of the study (P <0.001) (Fig. 1). The analysis
of the microbial taxa abundance at phylum level showed an increase of Firmicutes at the study
end, and a reduction of the phyla Actinobacteria and Bacteroidetes (Fig. 2). Going more deeply
in the microbial composition, the level of diversity of the subjects based on the structure of their
microbiota was clearly different across time (Fig. 3). Moreover, Principal Component Analysis
(PCA) based on microbiota composition (Fig. 4) revealed a significant relationship between the
microbiota composition on genus-level and sampling time confirmed by ADONIS and ANOSIM
statistical test (P <0.001). Boxplot at genus level (Fig. 5) showed a significant reduction in the
abundance of Bacteroides, Collinsella and Rikenellaceae, and a significant increase of the genera
Blautia, Butyricicoccus, Clostridium, Coprococcus, Dorea, Faecalibacterium, L-Ruminococcus
(Ruminococcus genus assigned to Lachnospiraceae family), and the Lachnospiraceae family at the
end of the study when compared to enrolment (Fig. 5).

Figure 1. Boxplots to describe a-diversity measures of fecal microbiota of GDM patients at

enrolment (green bars) and study end (blue bars). Individual points and brackets represent the
richness estimate and the theoretical standard error range, respectively.
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Figure 2. Boxplots showing the relative abundance of Actinobacteria, Bacteroidetes,
Proteobacteria and Firmicutes phyla in fecal samples of GDM patients at enrolment (green
bars) and study end (blue bars). Boxes represent the interquartile range (IQR) between the first
and third quartiles, and the line inside represents the median (2nd quartile). Whiskers denote
the lowest and the highest values within 1.56 IQR from the first and third quartiles,
respectively. Circles represent outliers beyond the whiskers.
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Figure 3. Average-linkage clustering based on the Spearman distance of fecal samples of GDM
patients at enrolment (green bars) and at the study end (blue bars). Rows and columns are
clustered by Ward linkage hierarchical clustering.
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Figure 4. Principal Component Analysis (PCA) based on OTUs relative abundance of GDM
patients at enrolment (green) and study end (blue). The first component (horizontal) accounts
for the 22.9% of the variance and the second component (vertical) accounts for the 23.5%.
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Figure 5.

Boxplots showing the relative abundance at genus or family level of the OTUs

differentially abundant 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);
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5.2.4 Associations between microbiota and metabolic variables
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Several different associations between metabolic variables and microbiota could be detected
both at enrolment and at the study end (Fig. 6).

At enrolment, glycated hemoglobin (HbA1c) levels were found to be positively correlated with
both Bacteroidales (B = 1.43; 95% Cl 0.67 2.19; P < 0.001) and Prevotella (B =0.11; 95% CI 0.06
0.16; P < 0.001).
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At the end of the study, many associations among specific microbiota relative abundance and
metabolic and inflammatory variables and their changes across pregnancy were detected in
multiple regression analyses, after adjusting for age, weight change, and adherence to the given
recommendations (Table 4). Among the associations, Faecalibacterium resulted inversely
correlated with fasting glucose. Collinsella and Blautia were respectively directly and inversely
associated with insulin and HOMA-IR values. Moreover, Blautia was inversely correlated with
HbA1c levels, while Sutterella positively associated with the CRP values (Table 4). Results did not
change significantly, after adjusting for pre-pregnancy BMI, educational level and exercise (data
not shown).

Table 4. Statistically significant associations between microbiota composition at the study end
and dietary and metabolic variable by Spearman’s correlations (left) and multiple regression
analyses (right).

| | Rho Beta | 95%Cl P
Metabolic variables*
Diastolic BP (mmHg)
Oscillospira -0.44 -2.01 -3.11-0.91 <0.001
Rikenecellaceae -0.51 -2.74 -3.97-1.51 <0.001
\ Delta fasting glucose (mg/dL)
Faecalibacterium ’ ’ -0.54 | -1.28 ‘ -1.71-0.85 ‘ <0.001
\ Delta glycated hemoglobin (%)
Blautia | | -051 | -006 | -0.10-0.03 | 0.001
\ Delta fasting insulin (nU/mL)
Blautia -0.35 -0.42 -0.67 -0.17 0.001
Butyricimonas 0.41 36.1 14.7 57.5 0.002
Collinsella 0.45 8.69 6.0011.4 <0.001
Coprobacillus 0.39 6.52 3.299.75 <0.001
Delta HOMA-IR (mmol/L*uU/mL)
Blautia -0.36 -0.11 -0.17 -0.05 0.002
Butyricimonas 0.51 11.2 6.5015.9 <0.001
Collinsella 0.45 2.37 1.802.94 <0.001
Erysipelotrichia 0.37 1.87 1.09 2.65 <0.001
| Delta CRP (mg/L)
Sutterella | | 062 | 757 | 502101 | <0.001

BP = blood pressure.

*Multiple regression model evaluating the association between BP and metabolic laboratory
variables (dependent variables) and bacteria (independent variables) after adjusting for age,
weight change, and adherence to the given recommendations. Each row is a model.

31



Figure 6. Spearman’s rank correlation matrix of OTUs with > 0.2% abundance in at least 10
fecal samples, dietary information and blood variables. Strong correlations are indicated by
large squares, whereas weak correlations are indicated by small squares. 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 significant correlations (P <0.01) are shown. GDM patients at enrolment (plot A) or at
study end (Plot B).
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5.2.5 Gut microbiota signature at sub-genus level

The oligotyping approach was suggested as a powerful tool allowing resolution at species level
and below and taking into account the possible different associations and responses that species
or strains belonging to the same genus may have. Therefore, In order to explore the possible
effects at sub-genus level, we carried out oligotyping on sequences of Blautia and Roseburia since
these were the only genera changing over time that showed a Shannon entropy index sufficient
to identify all nucleotide positions that would resolve the oligotypes. Specific Blautia oligotypes
(identified as Blautia wexlerae by BLASTn match): B1, B2, B4, B9, B11, B18, B27, B32, B36 B42,
B49, B51 and B53, identified as Blautia luti were more abundant at the study end, while B41 and
B59 decreased with the advancement of pregnancy (Fig. 7). When plotting the correlation
between those oligotypes and different metabolic and inflammatory variables (Fig. 8), various
correlations were found. In a multiple regression model, B42 was associated directly with total
cholesterol (B = 16.6; 95% Cl 7.10 26.1; P = 0.002), and B42 inversely with diastolic blood pressure
(B=-3.06; 95% Cl -4.75 -1.37; P =0.001).

Roseburia oligotypes R10, R24, R50, and R70 increased at the study end when compared to
enrolment (data not shown). Among the different correlations found by Spearman’s
nonparametric correlations, none resulted significantly different in the regression model
analysis.

Figure 7. Boxplots of differentially abundant Blautia oligotypes in fecal samples between GDM
patients at enrolment (green bars) and at the study end (blue bars). Only oligotypes that
significantly differed between enrolment and study-end fecal samples are displayed (P <0.01).

otu
. . B8 Envolmant
. . . . Study_and
. . B stusy e

Relative abundance %
-

33



Figure 8. Spearman’s rank correlation matrix of Blautia oligotypes abundance, nutrients, and
blood variables. Strong correlations are indicated by large squares, whereas weak correlations
are indicated by small squares. 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 significant correlations

(P <0.01) are shown.
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5.2.6 Shift in predicted metagenomes

The pathway enrichment analysis of the predicted metagenomes showed an enrichment of KEGG
orthologues, at study end when compared with enrolment, of glycolysis/gluconeogenesis
(ko00010), fructose and mannose metabolism (ko00051), galactose metabolism (ko00052),
starch and sucrose metabolism (ko005009), biosynthesis of amino acids (ko01230), and a
reduction of fatty acid metabolism (ko01212), biotin metabolism (ko00780) and folate
biosynthesis (ko00790). When plotting the correlations between OTUs and inferred metabolic
pathways, we observed a positive correlation between Lipopolysaccharide (LPS) biosynthesis
(ko00540) with Sutterella, Bacteroides and Phascolartobacterium (Fig. 9).
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Figure 9. Heat plot showing Spearman’s correlations between OTUs occurring at 0.2% in at
least 10 samples and predicted metabolic pathways, filtered for KO gene sample presence >10
in at least 10 samples, related to amino acid, lipid, cofactors and vitamins, energy and
carbohydrate metabolism. Rows and columns are clustered by Ward linkage hierarchical
clustering. The intensity of the colors represents the degree of correlations between the OTUs
and KO as measured by the Spearman’s correlations.
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5.3 Discussion

The results of the study have demonstrated that there is a significant alteration in the gut
microbiota over the course of pregnancy, from the second to the third trimester of pregnancy in
women with gestational diabetes mellitus. In particular we have observed a higher a-diversity,
increase in the relative abundance of the Firmicutes phylum, and a reduction of the relative
abundance of the phyla Bacteroidetes and Actinobacteria. Furthermore, we have detected
associations between specific bacterial abundance and different metabolic variables.
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The reduced insulin sensitivity and increased insulin resistance of late pregnancy is considered
beneficial to support the growing fetus and the increased nutrient absorption, even if it is
associated with metabolic impairment and inflammation.(173) Women who developed GDM
have greater reduction in insulin sensitivity and their insulin secretion is not sufficient to maintain
euglycemia, leading to glucose intolerance. (174) This can be counterintuitive due to the
progressive weight gain and increase in circulating levels of insulin, lipids, and inflammatory
markers in the patients over the course of pregnancy and the well-known association of low
bacterial richness and diversity with adiposity, insulin resistance, dyslipidemia, and inflammatory
phenotypes.(175)

Going more deeply in the microbiota composition of our patients, we observed that the higher
bacterial richness was related to the phylum Firmicutes. In one Finnish study using the(METSIM)
cohort, it has been reported that glycated hemoglobin (HbA1c) values were positively associated
with the microbiota richness.(176) Other study using animal models have demonstrated that
mice transplanted with feces from obese and lean individuals showed a positive correlation of
the OTUs richness with both fasting insulin and HOMA-IR level.(177)

The increase in Firmicutes abundance (and the reduction in Bacteroidetes) can be explained by
the patients’ gestational weight gain, not different to what happens in obese and overweight
patients. (120,178) Accordingly, the inferred metagenome profiles showed an increase in
pathways involved in the carbohydrate metabolism (in particular, glycolysis/gluconeogenesis,
fructose and mannose metabolism, galactose metabolism, and starch and sucrose metabolism)
with the release of simple sugars due to the higher abundance of Firmicutes that harvested more
energy from the diet.(114,179) It can be hypothesized that those enriched function could be
related with the progressive weight gain and could be a feature in hyperglycemic phenomena.

Literature data related to weight gain during pregnancy are controversial: in normoglycemic
pregnancy, some studies have reported that weight gain is associated with an increase of
Escherichia coli or Bacteroides abundance and others found both an increase in the phyla
Proteobacteria and Actinobacteria and a decline in butyrate-producing bacteria (such as
Faecalibacterium).(173,180,181)

A higher Bacteroides-to-Firmicutes ratio has been found to correlate with elevated plasma
glucose levels.(182) In our patients, however, the most relevant change was the weight gain at
the end of pregnancy (Table 2). We detected a reduction in Bacteroidetes across pregnancy, but
we found a significant direct association between Bacteroidales and Prevotella and glycated
hemoglobin (HbA1c) levels at enrolment-during the 2" trimester of pregnancy when GDM is
normally being diagnosed.

Indeed, the comparison between studies is difficult due to the different ethnicity and food habits
of the analyzed cohorts leading to inter-individual variations in the gut microbiota composition
and the various methods used to analyze the microbiota, both causing sometimes contradictory
results.(160)

Additional aspects of previous studies make the comparison with our results difficult, such as the
fact that both normoglycemic and GDM women were combined together, participants that were

36



taking probiotics or antibiotics were not excluded from the study, dietary intakes did not change
during pregnancy or only the early pregnancy period was evaluated.(173,183,184)

Most of the study participants (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. Even if arbitrary, the subdivision by dietary adherence
distinguished women with greater increments of fasting glucose, insulin resistance and CRP
values. During normal pregnancy a low grade of inflammation develops and GDM is considered
a pro-inflammatory state.(185) Accordingly, we observed higher values of CRP during the third
trimester, at the end of pregnancy. An imbalance of pro- and anti-inflammatory bacterial species
have been proposed to trigger low-grade inflammation and insulin resistance in human.(175)

In particular, Faecalibacterium, an anti-inflammatory commensal bacterium, significantly
increased with the pregnancy progression, and is consistently reported to be more prevalent in
individuals with higher bacterial richness.(175) It could be hypothesized that this increase could
be a compensatory mechanism to counterbalance the pro-inflammatory state, potentially
harmful for the fetus. Indeed, we found a strong inverse relationship between Faecalibacterium
abundance and fasting glucose values, supporting the well-known association between
inflammation and dysmetabolism. Accordingly, Faecalibacterium prausnitzii resulted highly
discriminant for the diagnosis of type 2 diabetes in metagenomic analyses.(186,187)
Furthermore, these butyrate-producer bacteria have been found inversely linked to diabetes in
different human studies investigating the composition of gut microbiota.(188—191)

In this study, we observed a negative association between diastolic blood pressure and
Rikenellaceae and Oscillospira. Rikenellaceae is a butyrate producer, while Oscillospira is
considered an enigmatic bacterial genus that has never been cultured, probably producing
butyrate. Few available data support a beneficial role on human health.(192) Other studies found
a protective role of Odoribacter (Bacteroidetes phylum) on blood pressure in overweight
pregnant women, and its capability to produce butyrate was mainly implicated in the
maintenance of normal blood pressure.(193)

The strong direct associations that we found between the genus Collinsella and insulin/HOMA-IR
values were mostly in line with other studies during pregnancy and also outside pregnancy the
higher abundance of the lactate-producing Collinsella was found in patients with type 2 diabetes
mellitus.(183,194) These bacteria are reported to play pro-inflammatory effects and to affect
the metabolism by altering intestinal cholesterol absorption, decreasing glycogenesis in the liver
and increasing triglyceride synthesis.(194)

Insulin resistance was associated positively with Erysipelotrichia and negatively with Blautia in
our patients. Very few human data are available on Erysipelotrichia, suggesting a relationship
with inflammatory diseases for this class, which seems in a close relationship with the class of
Mollicutes, which is in turn associated with many pathological conditions in human like
endotoxemia, obesity and insulin resistance. (182,195)
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In our GDM patients, the butyric acid-producing genus Butyricimonas was directly associated
with insulin resistance. The possible role of this taxa in human diseases awaits further
investigation, even if a positive association with mean arterial pressure has been detected.(196)

Changes in CRP values during the third trimester of pregnancy resulted directly associated with
the genus Sutterella. Even if we did not detect an overall increase in Proteobacteria during
pregnancy, as other authors observed, we found that Sutterella, a proteobacteria with known
pro-inflammatory capacity, was associated with an increased value of CRP over the course of
pregnancy.(173) Consistent with this, the predicted metagenomes showed a correlation between
Sutterella and KEGG genes associated with LPS biosynthesis. Gram-negative bacteria could
produce inflammatory LPS triggering a pro-inflammatory state, a condition characterizing both
type 2 diabetes and obesity.(8,197)

We also observed a correlation between LPS inferred KEGG genes and Bacteroides. In diabetic
patients, LPS from a species belonging to Bacteroides (B. fragilis) was reported to play a major
pathogenic role.(198) In addition, the metagenomic content of GDM patient was reported to be
enriched of genes involved in LPS biosynthesis and in the regulation of blood glucose levels.(199)

At genus level, strong inverse relationships between Blautia and Hbalc and insulin resistance
were observed. At sub-genus level, we observed a higher number of oligotypes belonging to the
same species, even if only a few of them changed during the progression of the pregnancy.
Moreover, some controversial associations between Blautia and blood pressure and cholesterol
values were found. Indeed, a controversial role of Blautia in the human gut is already reported.
Several studies showed a direct association between Blautia and hyperglycemia, but other
studies reported that increased abundance of this genus indicates a healthy gut, reduced
inflammation and blood pressure values, diminished risk for type 1 diabetes and obesity, and
increased survival. (200-203) Our results suggest a possible different strain-dependent effect on
the host metabolism. The diversity at sub-genus-level is indeed well known to play a key role in
establishing the interconnection between gut microbiome and host responses.(204) As recently
observed by De Filippis and colleagues, different oligotypes belonging to the same species
showed different relative abundance and different correlation patterns with metabolomic data.
Those authors suggested that different putative strains could have different impact on the
host.(205)

The interactions between the host and the gut microbiota during pregnancy and the its metabolic
complications such as GDM, remains to be fully understood. The knowledge of the gut bacterial
composition might allow the identification of subsets of women with different metabolic risks,
because of its role in the gestational pro-inflammatory status, potentially contributing to the
increased insulin resistance in pregnancy. This is a topic of great interest, also taking into
consideration the possible benefit of probiotic supplementation in the reduction of inflammation
in women with GDM, a condition well-known for exposing to an increased risk for chronic health
conditions not only the mother but also the offspring.(206)

This study has some limitations, one of it is the small sample size. Nevertheless, the power of our
study to detect differences in alpha diversity was 0.84 with a =0.01. Another limitation is that
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the fecal samples were used as proxies for the microbial content of the entire gastrointestinal
tract, it is however reasonable to consider that mouth and skin microbiota could vary too. Owing
to the observational design of this study, the presence of unmeasured confounding factors
cannot be excluded. Microbiota assessment through amplicon-based sequencing has also several
biases due to the PCR amplification step, while shotgun metagenomic sequencing can identify
significantly more bacterial species per read than the 16S method.(207) Correlations were
performed by considering individual groups of bacteria independently from each other, therefore
it was not possible to establish neither the causality nor the biological relevance of the reported
relationships. Finally, the predictive metagenomic profiling was obtained from the bacterial
abundance and was therefore a derived result.

In conclusion, the results of this study demonstrate that in our GDM patients, a shift in the
microbiota composition with higher a-diversity, and numerous associations between the
metabolic/inflammatory pattern and specific bacterial abundance were detected. If confirmed
by further studies in larger sample, these results suggest that the development of strategies to
modulate the gut microbiota might be the next step in order to impact on the maternal and
possibly fetal health and their future risk for metabolic diseases.

However, one part of the puzzle is still missing and that’s the complex interactions and the
possible effect of maternal metabolic health and dysbiosis during pregnancy on the microbiota
of the offspring. This is one of the main aspects of the 2" phase of the study that will be
presented in detail in the next section.

6 EXPERIMENTAL PART OF THE STUDY (2" PHASE)

6.1 Methods

6.1.1 Patients recruitment

All pregnant women routinely performed an oral glucose tolerance test at 24—28 gestational
weeks at the “Citta della Salute e della Scienza” Hospital of Turin. As previously explained in the
1%t phase of the study, the first 50 patients who met both the criteria for GDM according to
international guidelines (fasting plasma glucose 292 mg/dL and/or 1h post-test glycemia 2180
mg/dL and/or 2h post-test glycemia 2153 mg/dL) and the inclusion criteria were enrolled. Out of
them, 41 women participated in an observational study aiming to evaluate the changes in gut
microbiota composition across pregnancy, the other 9 women were lost to follow-up. The fecal
samples of their offspring were collected in the first week of life. Indeed, as the mode of
collection and/or storage of the offspring stool samples by 12 mothers resulted inappropriate,
data of only 29 infants (70.7%) could be analyzed. As mentioned before the inclusion criteria
were: GDM diagnosed by a 75g oral glucose tolerance test (OGTT) between 24-28 weeks
gestational age and European origin with both parents born in Europe. Women with twin
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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, or use of
prebiotics/probiotics, antibiotics or any drug during pregnancy were excluded.

All the GDM patients received dietary counselling and the recommendation of performing 30-
min daily moderate exercise (i.e. brisk walking) and were instructed to self-monitor finger-prick
capillary blood glucose at least 4 times per day. Finally, all mothers were suggested to breastfeed
their children. However, only 10 of them followed this suggestion. All the others declared to have
used formulas without added probiotic/prebiotic compounds.

In order to compare our offspring to infants from normoglycemic women, we have used the
recently released 16S rRNA gene sequence from 19 Italian infants collected in the first week of
life (NCBI SRA, under BioProject ID PRINA378341).(208) All infants from healthy women were
vaginally delivered and exclusively breastfed. Neither infants nor their mothers had received any
antibiotics or probiotics during pregnancy and postpartum. We used as comparison the results
of the 4th day of life.

6.1.2 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 “Citta della Salute e della Scienza” hospital
of Turin (approval 707/2016). All patients provided written informed consent prior to
participation in the study protocol.

6.1.3 Data and samples collections

Anthropometric values, 3-days food record questionnaires, fasting blood samples (for the
determination of metabolic variables and C-reactive protein levels) and stool samples of the
mothers were collected both at the time of GDM diagnosis, at 24—-28 weeks of gestational age,
and at 38 weeks, or before delivery, in the case of preterm delivery. (209) Fecal samples of the
offspring were collected between the 3™ and the 5™ day of life, after the meconium expulsion.
Data relative to the type of delivery, birth weight, gestational age and the type of feeding were
extracted from the medical records.

Insulin therapy was added to diet when fasting blood glucose levels were consistently 290 mg/dL,
1-hour levels consistently 2130 mg/dL, or 2-hour levels 2120 mg/dL, according to guidelines.(210)
Mothers were instructed to collect the stool samples and all materials were provided in a
convenient, refrigerated, specimen collection kit (VWR, Milan, Italy). The fecal samples were
transferred to the sterile sampling containers using a polypropylene spoon (3 spoons of about 10
g) 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.

In the case of infants from normoglycemic mothers, fecal samples have been reported to be
collected from diapers using standard sterile collection tubes.(208)
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6.1.4 Fecal DNA extraction and sequencing

Total DNA from the feces collected was extracted using the RNeasy Power Microbiome KIT
(Qiagen, Milan, Italy) following 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/uL. DNA was used as a template in a PCR reaction in order to amplify the
V3-V4 region of the 16S rRNA gene.(211) Library preparation and sequencing (2X250bp) was
performed as previously explained in the methods section in the 1t phase of the study.

6.1.5 Bioinformatics analyses

Paired-end reads were first assembled using FLASH software and quality filtering using QIIME
1.9.0 software and the pipeline already explained.(209,212) OTUs picked at 97% of similarity
were rarefied to the lowest number of sequences per sample. The OTU table obtained through
QIIME displays the higher taxonomy resolution that was reached. When the taxonomy
assignment was not able to reach the genus, family name was displayed.

In order to identify sub-OTUs populations in the offspring cohort, reads assigned to genera
Blautia, Bacteroides and Bifidobacterium were extracted and entropy analysis and oligotyping
were carried out since these were the only OTUs showing higher level of entropy able to obtain
sub-OTUs.(171) After the first round of oligotyping, high entropy positions were chosen (-C
option): 8, 12, 113, 223, 224, 247, 432, 433 for Blautia; position 8, 12, 40, 74, 75, 116, 117, 124,
129, 130, 390, 397, 452 and 453 were chosen for Bacteroides; while position 8, 12, 14, 81, 114,
115, 158, 159, 160, 328, 329, 389, 437, 438, 439, 440, 441, 442, 443 and 444 were chosen for
Bifidobacterium. In order to reduce the noise, each oligotype should appear in at least 10
samples, occur in more than 1.0% of the reads for at least ten samples, represent a minimum of
750 reads in all samples combined, and have a most abundant unique sequence with a minimum
abundance of 50. A cladogram of representative sequences was generated using the ANVIOs
software.(213)

6.1.6 Statistical analyses

Gut microbiota a-diversity was calculated by the diversity function of the vegan package in R
environment (http://www.r-project.org).(214) ADONIS and ANOSIM statistical test were used to
detect significant differences in the overall microbial community by using the unweighted
UniFrac distance matrices or OTU table. Offspring variables were compared with maternal
variables by paired-sample t-test, or Wilcoxon matched pairs test, as appropriate. Differences in
gut microbiota between the GDM offspring and healthy-women offspring were calculated by t-
Student test or Mann-Whitney test. Pairwise Spearman’s non-parametric correlations were used
to study the relationships between the infant relative abundance of microbial taxa and maternal
metabolic variables. The degree of agreement (concordance) among maternal oligotypes at
enrolment, maternal oligotypes at the study-end and infant oligotypes was assessed by the
Friedman ANOVA & Kendall’s test.
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Multiple regression analyses were performed to evaluate the associations between infant
microbial taxa abundance (dependent variable) and maternal metabolic variables, after adjusting
for gestational weight change, breastfeeding and Cesarean section (Statistica, ver. 7.0; StatSoft
Inc., Tulsa, OK, USA).

The post-hoc power estimated on partial R2 according to the multivariate linear regression model
adjusted for maternal weight change, breastfeeding and Cesarean section was 0.80 with ot = 0.05.
A P value of 0.002 or lower was considered as statistically significant.

6.2 Results

6.2.1 Maternal and infant gut microbiota composition

The microbial richness (alpha diversity index) was lower in infant stool samples than in the
corresponding maternal samples, and also fewer taxa were present in the samples of the
offspring (Fig 10). An increase in the rarefaction measure across pregnancy was evident in GDM
patients. The number of observed species was significantly different between mother samples
(both at enrolment and at the study-end) and the corresponding offspring samples (for the Chao-
1 diversity index, P for paired data <0.001). The decrease in the complexity and the number of
taxa observed in offspring samples was not a consequence of the lower number of infant
sequences because the analysis was performed by using a rarefied down-sampling operational
taxonomic unit (OTU) table.
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Figure 10. a-diversity measures of fecal microbiota.

Boxplots describe a-diversity measures of fecal microbiota of GDM patients at enrolment (red
bars), of GDM patients at the study end (green bars) and of their offspring (blue bars).
Individual points and brackets represent the richness estimate and the theoretical standard

error range, respectively.
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While mothers with GDM showed a predominance of Firmicutes (increasing during the
gestational period) and Bacteroidetes (whose relative abundance decreased), the gut microbiota
of the offspring was characterized by an increased relative abundance of the phyla Actinobacteria
and Proteobacteria (Fig 11).
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Figure 11. Phylum-level abundance profiles.
Boxplots describe the relative abundance of phyla in GDM patients at enrolment (red bars), in
GDM patients at the study end (green bars) and in the infants (blue bars).
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Hierarchical clustering analysis at genus level (Fig. 12) showed a separation between the infant
microbiota and the microbiota of the mother (anosim P<0.01). Infants displayed a higher
abundance of Bifidobacterium, Streptococcus, Escherichia, Staphylococcus and Enterococcaceae
while mothers had a more complex microbiota composition (Fig. 12).

44



Figure 12. Heat-plot of the abundances of OTUs at genus level.

Heatplot showing OTUs of GDM patients at enrolment (red bars), study end (green bars) and
their offspring (blue bars). Rows and columns are clustered by means of Ward linkage
hierarchical clustering. The intensity of the colors represents the degree of correlation between

the samples and OTUs as measured by Spearman’s correlations.
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6.2.2 Infant gut microbiota and maternal metabolic variables and delivery outcomes
The correlation plot between maternal metabolic variables and infant gut microbiota showed a

higher number of significant associations with maternal variables at enrolment than at the study-
end (Fig 13).
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Figure 13. Spearman’s rank correlation of OTUs 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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The direct association between maternal fasting glucose at enrolment and Enterococcus (Rho =
0.49) was no longer confirmed in the multivariate regression model, while the inverse association
between Clostridiales and maternal changes across pregnancy (delta) in glycated hemoglobin
(HbA1c) levels was statistically significant (Table 5). No significant association between maternal
anthropometric or metabolic variables and the gestational changes in these variables and infant
gut microbiota composition was found. Two out of 29 women (6.9%) were treated with insulin;
none received metformin (Table 6). After adjusting for insulin treatment, the results of the
multiple regression analyses did not change.
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Out of the 29 women 27.6% delivered with a C-Section. (Table 6). No significant associations
between infant gut microbiota and mode of delivery (Cesarean section vs vaginal delivery) was

found.

Table 5. Statistically significant associations between infant microbiota composition and
maternal variables by Spearman’s correlations for continuous variables (left) and multiple

regression analyses (right).

| Rho | Beta 95% Cl P
Maternal outcomes and laboratory variables
Delta HbA1lc
Clostridiales -0.49 -0.33 -0.48 -0.18 <0.001
Delivery week
Roseburia -0.43 -1.28 -1.95-0.61 0.001

Model adjusted for maternal weight change, breastfeeding, and Cesarean section.

Table 6. Enrolment characteristics and pregnancy outcomes of the GDM women

Number of study participants 29
Age 37.1£4.5
Pre-pregnancy weight (kg) 71.2+15.1
Pre-pregnancy BMI (kg/m2) 26.4+5.9
Nulliparous 58.6
Weight (kg) 77.0+13.4
BMI (kg/m2) 28.545.1
Fasting glucose (mg/dL) 95.9+13.7
Systolic blood pressure (mmHg) 109.0+11.7
Diastolic blood pressure (mmHg) 73.247.9
Glycated heamoglobin (%) 4.7+0.8
Fasting insulin (uU/mL) 10.1 (8.2)
HOMA-IR (mmol/L*pU/mL) 2.3(1.6)
Total cholesterol (mg/dL) 237.7+£30.2
HDL-cholesterol (mg/dL) 66.3+11.3
Triglycerides (mg/dL) 172.04£52.1
C-reactive protein (mg/L) 3.8(4.4)
Pregnancy outcomes

Insulin treatment (%) 6.9
Cesarean section (%) 27.6
Gestational age at delivery (weeks) 39.1+1.3
LGA newborns (%) 6.9
Male newborns (%) 51.7
Breastfed newborns (%) 34.5
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BMI=body mass index, HOMA-IR=Homeostasis Model Assessment-Insulin Resistance, HDL=high
density lipoprotein, Values are expressed as mean * standard deviation or median (interquartile
range)

6.2.3 Gut microbiota signature at sub-genus level

In order to explore the possible mother-to-infant gut microbiota transmission at sub-OTUs level,
we carried out oligotyping on sequences of Blautia, Bacteroides and Bifidobacterium since these
were the only genera showing a Shannon entropy index sufficient to identify all nucleotide
positions that would resolve the oligotypes. We considered the dominant oligotypes shared by
mothers and their offspring only to explore possible mother-to-child oligotype transmission. The
oligotypes which were present in at least 5 mother-to-child pairs were selected. We found 18
oligotypes for Bacteroides, 30 for Blautia, and 81 for Bifidobacterium. For Bifidobacterium, only
the oligotypes of the offspring were taken in consideration, since resolving Bifidobacterium in
mothers was not possible. A high inter-individual diversity in the Bifidobacterium oligotypes was
observed in the offspring samples (Fig 14). We observed that the relative abundance of the
Blautia oligotypes increased during pregnancy and were lower in the infants (Fig 15 A). A high
degree of mother-offspring concordance was found for B11 (P = 0.008) and B42 (P<0.001); both
were identified as Blautia wexlerae by best BLASTn match. A reduction in the relative abundance
of Bacteroides oligotypes was observed across pregnancy while few oligotypes were observed to
be dominant in the offspring samples (Fig 15 B).
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Figure 14. (S3 Fig). Distribution of representative Bifidobacterium oligotypes in the offspring

samples. Inner black bars indicate the presence of an oligotype in each sample.
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Figure 15. Distribution in representative Blautia (plot A) and Bacteroides (plot B) oligotypes.
Plot showing the sequence distribution in GDM patients at enrolment (red bars), study end
(green bars) and their offspring (blue bars). Inner bars indicate the presence of an oligotype in
a given sample. Outer circle, if colored, denotes oligotype abundance with high degree of
mother-offspring concordance.
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6.2.4 Comparison between gut microbiota from GDM offspring and healthy women offspring
The gut microbiota of the offspring from mothers with GDM was compared with those of 19
breastfed infants from healthy normoglycemic women. A higher a-diversity was evident in the
latter (for the Chao-1 diversity index, P = 0.001). However, when comparing to those infants the
10 breastfed infants from GDM women, no significant difference in a-diversity was found. At
phylum level, we observed higher abundance of Actinobacteria and Bacteroidetes in the offspring
from GDM women (Fig 16 panel A) (P<0.001). At genus level, higher abundance of
Staphylococcus, Ralstonia, Lactobacillus and some members of Enterobacteriaceae were
observed in the offspring from healthy women (Figl6 panel B).

In the comparison between the two groups of breastfed infants, the offspring of GDM women
showed a significantly higher relative abundance of Escherichia and Parabacteroides (P<0.001).

50



Figure 16. (S5A Fig) Distribution of OTUs between offspring from healthy and GDM women.

Plot shows the relative phyla (panel A) and genus (panel B) abundance in the offspring from
healthy and GDM women.
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6.3 Discussion

The microbiota of infants from women with GDM showed a low complexity, a high inter-
individual variability, and was influenced by early maternal nutrition and breastfeeding.
Intriguingly, in comparison with the offspring of healthy normoglycemic women, the infants from
GDM mothers showed a higher relative abundance of pro-inflammatory taxa, in particular
Escherichia and Parabacteroides. Furthermore, few mother-to-child oligotype transmissions
were found.

The offspring gut microbiota composition substantially differs from the microbiota composition
of their GDM mothers, being the former characterized by limited species-level complexity (i.e. a
lower a-diversity) and a greater inter-individual variability of genus abundance (i.e. a higher B-
diversity), as already reported.(173,215-220) Indeed, the gut microbiota complexity increases
progressively with the infant growth, with the gradual development of a microbial community
resembling the adult microbiota at the age of 3 years with a lower inter-individual variability.
(70,221) We found that Actinobacteria and Proteobacteria dominated the gut microbiota of the
infants from GDM women, similarly to the infants of healthy mothers and in accordance with
previous reports.(217,218,221,222) The relative abundance of these phyla has been reported to
be higher in the meconium of GDM newborns compared to offspring from healthy controls.(223)
Bifidobacterium, Streptococcus, Escherichia, Staphylococcus and members of the
Enterococcaceae family presented a higher relative abundance in the gut microbiota of our GDM
infants. Accordingly, these bacteria have been detected in the feces or meconium of full-term
newborns in several studies.(144,215,216,218,220,224-227)

A distinct microbial composition was found in our breastfed GDM offspring when comparing
them with breastfed neonates from healthy controls, consistent with literature.(138,144,228)

In particular, a significantly higher relative abundance of Escherichia and Parabacteroides was
found in the infants’ form GDM mothers. These taxa can be considered as pro-inflammatory and
have been found to be higher in the meconium of babies from mothers with T2DM.(144)
Furthermore, Parabacteroides have been reported to be enriched in GDM patients when
compared to healthy subjects.(199) In the 1% phase of our study, we have observed an increased,
though not statistically significant, relative abundance of Parabacteroides across pregnancy from
enrolment to study end. (209) Similarly, Escherichia is more abundant in pregnant overweight
women, particularly in GDM patients.(139,229) Diabetes has been considered as an inflammatory
disease and, not surprisingly, the offspring microbiota may be influenced by this pregnancy
pathological condition; a direct transmission from mother to child of some pro-inflammatory taxa
like Parabacteroides or Escherichia might be hypothesized, even if the contribution of not
analyzed environmental conditions could not be ruled out.

No differences in the Firmicutes-to-Bacteroidetes ratio, indicating an increased risk for
developing obesity, was found between breast-fed GDM infants vs breast-fed infants form
normoglycemic women.(230)
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The microbiota in the first days of life of our GDM offspring might be one of the contributing
factors to the 2- to 8-fold increased future risk of dysmetabolic diseases of those offspring when
compared to offspring of healthy women.(45)

Various factors have been reported to influence and shape the neonatal microbiota during
intrauterine life, among which those that are more frequently implicated are maternal glycemic
status, weight gain during pregnancy [64], pre-pregnancy BMI [64-65], and antibiotic
use.(144,231-233) We failed to demonstrate any associations between maternal anthropometric
indexes with the offspring microbiota composition, indeed the insulin resistance and
hyperglycemia of our participants, all suffering from GDM, may have obscured these
relationships. Furthermore, other studies did not show relationships between maternal BMI or
clinical characteristics and the infant microbiota composition.(144,228)

There is an inverse association between Clostridiales and HbAlc changes across pregnancy. The
Clostridiales order includes several genera and in particular Roseburia and Faecalibacterium
prausnitzii, both butyrate-producing bacteria with beneficial functions, which have been found
to be reduced in GDM women.(137,173,199)

The microbiota of our GDM offspring did not meaningfully vary according to the way of delivery.
Contrasting data are available in the literature regarding this topic, since a different microbial
pattern or no differences have been reported between C-section-delivered infants and vaginally-
delivered infants.(144,153,217,222,234-236) It could be hypothesized that the exposure to an
adverse environment in our GDM offspring could have had a major role on their gut microbiota,
partly overshadowing the effects of the exposure during birth. Furthermore, the influence of
delivery mode on the infant microbiota rapidly decline after delivery and is quickly overridden by
the role of lactation. (70,220,237-239)

A possible vertical mother-to-child transmission of maternal gut bacteria has already been
reported, even if, to date, certainty about the way of intrauterine microbial acquisition is lacking.
(218,240,241) Besides breastfeeding and vaginal microbiota, also placenta and amniotic fluid
have been reported to be a vehicle for this transmission.(173,242) By using the oligotype pipeline,
the transmission of different sub-OTUs from our mothers to their infants was observed in line
with data of a recent metagenomic study confirming that mother’s dominant strains were
transmitted to their children.(221) In particular, we have found a few Bacteroides and Blautia
oligotypes significantly shared by the GDM mothers and their offspring, suggesting a maternal
microbial imprinting. On the other hand, the infant Bifidobacterium oligotypes of the newborns
were not present in the feces of the GDM women, and this directs towards a post-natal
acquisition. Indeed, the infant Bifidobacteria mostly derive from breast-feeding, being either
isolated from human milk and vertically transmitted.(242,243) or induced by the milk prebiotic
HMO.(244) The Bifidobacterium oligotypes were highly different among infants but only one
third of them was breastfed and the human milk has a heterogeneous composition and contains
variable amounts of glycans and bifidogenic oligosaccharides.(237,245)

Several limitations of the present study should be recognized. The sample size was low, the
standard errors were wide, and we could analyze the fecal samples of only 70.7% of the offspring
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of the initially enrolled women. Therefore, we might not have detected modest differences in
the bacterial composition. Many associations that we found to be not statistically significant,
could have become so if we had analyzed a larger sample. However, the post-hoc power was 0.80
with a = 0.05; furthermore, we have set-up a lower p-value cut-off value (p<0.002) as statistically
significant. In doing so, we have considered only the strongest associations; however, we cannot
exclude the possibility that a type Il error could have occurred.

Infant fecal samples were collected between the 3rd and the 5th days of life. So, we cannot
exclude that the difference of a few days could have influenced the results due to the high
instability of the infant microbiota.

In conclusion, the gut microbiota changes might be one of the conditions determining the
increased metabolic risk of the GDM offspring with both pre and postnatal complications, since
in utero exposure to maternal dysmetabolic conditions, and post-natal factors can both modulate
the offspring microbial community. This study brings a better understanding of the composition
of the gut microbiota in early life in the offspring of women with GDM and the results are worthy
to be replicated in large-scale studies due to their potential practical implications on neonatal
and infant health.

54



7 ACKNOWLEDGMENTS

In the beginning, | would say thanks to my tutor Prof. Maurizio Cassader who gave me the
golden opportunity to do this amazing project and who guided me throughout the research
work. | am especially grateful for his constant motivation and patience.

Apart from my Tutor, | won’t forget to express my gratitude to the rest of the team: Dr. Simona
Bo and Dr. llario Ferrocino for giving their encouragement and sharing insightful suggestions.
They all have played a major role in improving my research skills.

| am also pleased to say thank you to Dr. Silvia Pinac, Prof. Roberto Gambino Dr, Franco De
Michieli and Dr. Natalina Alemanno from the laboratory of Diabetology and Metabolic Diseases-
Department of Medical Sciences-University of Turin, who made my access simpler to the
research facilities and laboratory and gave an opportunity to become part of their team. It
wouldn’t have been possible to conduct this research without their precious support. They all
really mean a lot to me.

| would always remember my fellow lab colleagues and friends from the University of Turin too
for all the fun we had together and the sleepless nights that gave us the motivation to complete
tasks before deadlines.

In the end, | am very much grateful to my parents Bote Zarovski and Suzana Zarovska, my sister
Viktorija Zarovska, my husband Marco Chiarle and all my family and friends for their love,
understanding, prayers and continuing support to complete this research work. They gave me
enough moral support, encouragement and motivation to accomplish my personal goals.

55



10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

Kumar P, Magon N. Hormones in pregnancy. Niger Med J [Internet]. 2012 Oct [cited 2018 Sep 17];53(4):179—
83. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23661874

Fuglsang J. Ghrelin in Pregnancy and Lactation. Vitam Horm [Internet]. 2007 Jan 1 [cited 2018 Sep
17];77:259-84. Available from:
https://www.sciencedirect.com/science/article/pii/S008367290677011X?via%3Dihub

Newbern D, Freemark M. Placental hormones and the control of maternal metabolism and fetal growth.
Curr Opin Endocrinol Diabetes Obes [Internet]. 2011 Dec [cited 2018 Sep 17];18(6):409—-16. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21986512

Emanuela F, Grazia M, Marco DR, Maria Paola L, Giorgio F, Marco B. Inflammation as a Link between Obesity
and Metabolic Syndrome. J Nutr Metab [Internet]. 2012 [cited 2018 Sep 17];2012:1-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22523672

Zhang X, Shen D, Fang Z, Jie Z, Qiu X, Zhang C, et al. Human gut microbiota changes reveal the progression
of glucose intolerance. PLoS One. 2013;

Dunlop AL, Mulle JG, Ferranti EP, Edwards S, Dunn AB, Corwin EJ. Maternal Microbiome and Pregnancy
Outcomes That Impact Infant Health. Adv Neonatal Care [Internet]. 2015 Dec [cited 2018 Sep 17];15(6):377—
85. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26317856

Shen J, Obin MS, Zhao L. The gut microbiota, obesity and insulin resistance. Mol Aspects Med [Internet].
2013 Feb;34(1):39-58. Available from: https://linkinghub.elsevier.com/retrieve/pii/S0098299712001288
Cani PD, Osto M, Geurts L, Everard A. Involvement of gut microbiota in the development of low-grade
inflammation and type 2 diabetes associated with obesity. Gut Microbes. 2012;3(4):279-88.

Cani PD. The gut microbiota manages host metabolism. Nat Rev Endocrinol [Internet]. 2014 Feb 10;10(2):74—
6. Available from: http://www.nature.com/articles/nrendo.2013.240

Cani PD. Interactions between gut microbes and host cells control gut barrier and metabolism. Int J Obes
Suppl [Internet]. 2016;6(51):528-31. Available from:
http://www.nature.com/doifinder/10.1038/ijosup.2016.6

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic Endotoxemia Initiates Obesity
and Insulin Resistance. Diabetes [Internet]. 2007 Jul 1;56(7):1761-72. Available from:
http://diabetes.diabetesjournals.org/cgi/doi/10.2337/db06-1491

Tilg H, Kaser A. Gut microbiome, obesity, and metabolic dysfunction. J Clin Invest [Internet]. 2011 Jun
1;121(6):2126-32. Available from: http://www.jci.org/articles/view/58109

Ferrocino |, Ponzo V, Gambino R, Zarovska A, Leone F, Monzeglio C, et al. Changes in the gut microbiota
composition during pregnancy in patients with gestational diabetes mellitus (GDM). Sci Rep [Internet]. 2018
Dec 15 [cited 2018 Sep 17];8(1):12216. Available from: http://www.nature.com/articles/s41598-018-30735-
9

Ponzo V, Ferrocino |, Zarovska A, Amenta MB, Leone F, Monzeglio C, et al. The microbiota composition of
the offspring of patients with gestational diabetes mellitus (GDM). PLoS One [Internet]. 2019 Dec
16;14(12):e0226545. Available from: https://dx.plos.org/10.1371/journal.pone.0226545

Practice Bulletin No. 180. Obstet Gynecol [Internet]. 2017 Jul;130(1):e17-37. Available from:
http://insights.ovid.com/crossref?an=00006250-201707000-00051

The Journal of Clinical and applied research and education American diabtes association standards of
medical care in Diabetes-2016. 2016 [cited 2018 Sep 17]; Available from:
http://care.diabetesjournals.org/content/suppl/2015/12/21/39.Supplement_1.DC2/2016-Standards-of-
Care.pdf

Diagnosis and Classification of Diabetes Mellitus. Diabetes Care [Internet]. 2014 Jan
1;37(Supplement_1):581-90. Available from: http://care.diabetesjournals.org/cgi/doi/10.2337/dc14-5081
Albrecht SS, Kuklina E V., Bansil P, Jamieson DJ, Whiteman MK, Kourtis AP, et al. Diabetes Trends Among
Delivery Hospitalizations in the U.S., 1994-2004. Diabetes Care [Internet]. 2010 Apr 1;33(4):768-73.

56



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Available from: http://care.diabetesjournals.org/cgi/doi/10.2337/dc09-1801

DeSisto CL, Kim SY, Sharma AJ. Prevalence Estimates of Gestational Diabetes Mellitus in the United States,
Pregnancy Risk Assessment Monitoring System (PRAMS), 2007-2010. Prev Chronic Dis [Internet]. 2014 Jun
19;11:130415. Available from: http://www.cdc.gov/pcd/issues/2014/13_0415.htm

14. Management of Diabetes in Pregnancy: Standards of Medical Care in Diabetes—2019. Diabetes Care
[Internet]. 2019 Jan 17;42(Supplement 1):5165-72. Available from:
http://care.diabetesjournals.org/lookup/doi/10.2337/dc19-S014

Ministero della Salute. Diabete [Internet]. Salute della donna-Diabete. 2019. Available from:
http://www.salute.gov.it/portale/donna/dettaglioContenutiDonna.jsp?lingua=italiano&id=4493&area=Sal
ute donna&menu=patologie

Classification and Diagnosis of Diabetes Mellitus and Other Categories of Glucose Intolerance. Diabetes
[Internet]. 1979 Dec 1;28(12):1039-57. Available from:
http://diabetes.diabetesjournals.org/cgi/doi/10.2337/diab.28.12.1039

Carpenter MW, Coustan DR. Criteria for screening tests for gestational diabetes. Am J Obstet Gynecol
[Internet]. 1982 Dec;144(7):768-73. Available from:
https://linkinghub.elsevier.com/retrieve/pii/0002937882903490

International Association of Diabetes and Pregnancy Study Groups Recommendations on the Diagnosis and
Classification of Hyperglycemia in Pregnancy. Diabetes Care [Internet]. 2010 Mar 1;33(3):676—82. Available
from: http://care.diabetesjournals.org/cgi/doi/10.2337/dc09-1848

De Micheli A. Italian standards for diabetes mellitus 2007: executive summary. Acta Diabetol [Internet]. 2008
Jun 29;45(2):107-27. Available from: http://link.springer.com/10.1007/s00592-008-0030-2

Corrado F, Pintaudi B, Di Vieste G, Interdonato ML, Magliarditi M, Santamaria A, et al. Italian risk factor-
based screening for gestational diabetes. ] Matern Neonatal Med. 2014;27(14):1445-8.

Vitacolonna E, Succurro E, Lapolla A, Scavini M, Bonomo M, Di Cianni G, et al. Guidelines for the screening
and diagnosis of gestational diabetes in Italy from 2010 to 2019: critical issues and the potential for
improvement. Acta Diabetol [Internet]. 2019 Nov 8;56(11):1159-67. Available from:
http://link.springer.com/10.1007/s00592-019-01397-4

Zhang C, Schulze MB, Solomon CG, Hu FB. A prospective study of dietary patterns , meat intake and the risk
of gestational diabetes mellitus. 2006;2604—13.

Zhang C, Ning Y. Effect of dietary and lifestyle factors on the risk of gestational diabetes: review of
epidemiologic evidence. Am J Clin Nutr [Internet]. 2011 Dec 1;94(suppl_6):19755-1979S. Available from:
https://academic.oup.com/ajcn/article/94/suppl_6/19755/4598032

Zhang C. Risk Factors for Gestational Diabetes: from an Epidemiological Standpoint. In: Gestational Diabetes
During and After Pregnancy [Internet]. 2010. p. 71-81. Available from:
http://link.springer.com/10.1007/978-1-84882-120-0_5

Zhang C, Qiu C, Hu FB, David RM, van Dam RM, Bralley A, et al. Maternal Plasma 25-Hydroxyvitamin D
Concentrations and the Risk for Gestational Diabetes Mellitus. PLoS One [Internet]. 2008 Nov
18;3(11):e3753. Available from: https://dx.plos.org/10.1371/journal.pone.0003753

Zhang C, Williams MA, Sorensen TK, King IB, Kestin MM, Thompson M Lou, et al. Maternal Plasma Ascorbic
Acid (Vitamin C) and Risk of Gestational Diabetes Mellitus. Epidemiology [Internet]. 2004 Sep;15(5):597—-604.
Available from: http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00001648-
200409000-00018

Kim SY, England L, Wilson HG, Bish C, Satten GA, Dietz P. Percentage of Gestational Diabetes Mellitus
Attributable to Overweight and Obesity. Am J Public Health [Internet]. 2010 Jun [cited 2018 Sep
171;100(6):1047-52. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20395581

Chu SY, Callaghan WM, Kim SY, Schmid CH, Lau J, England LJ, et al. Maternal Obesity and Risk of Gestational
Diabetes Mellitus. Diabetes Care [Internet]. 2007 Aug 1 [cited 2018 Sep 17];30(8):2070-6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17416786

Sacks DA, Black MH, Li X, Montoro MN, Lawrence JM. Adverse Pregnancy Outcomes Using The International
Association of the Diabetes and Pregnancy Study Groups Criteria. Obstet Gynecol [Internet]. 2015
Jul;126(1):67-73. Available from: http://insights.ovid.com/crossref?an=00006250-201507000-00011
O’Sullivan JB. Diabetes Mellitus After GDM. Diabetes [Internet]. 1991 Dec 1;40(Supplement_2):131-5.
Available from: http://diabetes.diabetesjournals.org/cgi/doi/10.2337/diab.40.2.5131

57



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kim C, Newton KM, Knopp RH. Gestational Diabetes and the Incidence of Type 2 Diabetes: A systematic
review. Diabetes Care [Internet]. 2002 Oct 1;25(10):1862-8. Available from:
http://care.diabetesjournals.org/cgi/doi/10.2337/diacare.25.10.1862

Carr DB, Utzschneider KM, Hull RL, Tong J, Wallace TM, Kodama K, et al. Gestational Diabetes Mellitus
Increases the Risk of Cardiovascular Disease in Women With a Family History of Type 2 Diabetes. Diabetes
Care [Internet]. 2006 Sep 1;29(9):2078-83. Available from:
http://care.diabetesjournals.org/cgi/doi/10.2337/dc05-2482

Damm P. Future risk of diabetes in mother and child after gestational diabetes mellitus. Int J Gynecol Obstet
[Internet]. 2009 Mar;104(Supplement):S25-6. Available from:
http://doi.wiley.com/10.1016/].ijg0.2008.11.025

ATHUKORALA C, CROWTHER CA, WILLSON K. Women with gestational diabetes mellitus in the ACHOIS trial:
Risk factors for shoulder dystocia. Aust New Zeal J Obstet Gynaecol [Internet]. 2007 Feb;47(1):37-41.
Available from: http://doi.wiley.com/10.1111/j.1479-828X.2006.00676.x

Christoffersson M, Rydhstroem H. Shoulder Dystocia and Brachial Plexus Injury: A Population-Based Study.
Gynecol Obstet Invest [Internet]. 2002;53(1):42-7. Available from:
https://www.karger.com/Article/FullText/49410

Mirghani Dirar A, Doupis J. Gestational diabetes from A to Z. World J Diabetes [Internet]. 2017 Dec
15;8(12):489-511. Available from: http://www.wjgnet.com/1948-9358/full/v8/i12/489.htm

METZGER BE. Long-term Outcomes in Mothers Diagnosed With Gestational Diabetes Mellitus and Their
Offspring.  Clin  Obstet  Gynecol [Internet]. 2007  Dec;50(4):972-9.  Available  from:
https://insights.ovid.com/crossref?an=00003081-200712000-00015

Yessoufou A, Moutairou K. Maternal diabetes in pregnancy: Early and long-term outcomes on the offspring
and the concept of “metabolic memory.” Exp Diabetes Res. 2011;2011.

Damm P. Future risk of diabetes in mother and child after gestational diabetes mellitus. Int J Gynecol Obstet.
2009;

Horton ES. Exercise in the Treatment of NIDDM: Applications for GDM? Diabetes [Internet]. 1991 Dec
1;40(Supplement_2):175-8. Available from:
http://diabetes.diabetesjournals.org/cgi/doi/10.2337/diab.40.2.5175

Balsells M, Garcia-Patterson A, Sola |, Roque M, Gich I, Corcoy R. Glibenclamide, metformin, and insulin for
the treatment of gestational diabetes: a systematic review and meta-analysis. BMJ [Internet]. 2015 Jan
21;350(jan21 14):h102-h102. Available from: http://www.bmj.com/cgi/doi/10.1136/bmj.h102

Mitric C, Desilets J, Brown RN. Recent advances in the antepartum management of diabetes. F1000Research
[Internet]. 2019 May 8;8:622. Available from: https://f1000research.com/articles/8-622/v1

Crowther CA, Hiller JE, Moss JR, McPhee AJ, Jeffries WS, Robinson JS. Effect of Treatment of Gestational
Diabetes Mellitus on Pregnancy Outcomes. N EnglJ Med [Internet]. 2005 Jun 16;352(24):2477—-86. Available
from: http://www.nejm.org/doi/abs/10.1056/NEJM0a042973

Landon MB, Spong CY, Thom E, Carpenter MW, Ramin SM, Casey B, et al. A Multicenter, Randomized Trial
of Treatment for Mild Gestational Diabetes. N Engl J Med [Internet]. 2009 Oct;361(14):1339-48. Available
from: http://www.nejm.org/doi/abs/10.1056/NEJM0a0902430

Buschur E, Stetson B BL. Diabetes In Pregnancy. In: In: Feingold KR, Anawalt B, Boyce A, et al. editors., editor.
Endotext [Internet] MDText.com, Inc; 2000- Available from:
https://www.ncbi.nlm.nih.gov/books/NBK279010/. South Dartmouth (MA);

RYAN EA, ENNS L. Role of Gestational Hormones in the Induction of Insulin Resistance*. J Clin Endocrinol
Metab [Internet]. 1988 Aug;67(2):341-7. Available from: https://academic.oup.com/jcem/article-
lookup/doi/10.1210/jcem-67-2-341

Handwerger S, Freemark M. The Roles of Placental Growth Hormone and Placental Lactogen in the
Regulation of Human Fetal Growth and Development. J Pediatr Endocrinol Metab [Internet]. 2000 Jan;13(4).
Available from:
https://www.degruyter.com/view/j/jpem.2000.13.4/jpem.2000.13.4.343/jpem.2000.13.4.343.xml
Shoelson SE, Herrero L, Naaz A. Obesity, Inflammation, and Insulin Resistance. Gastroenterology [Internet].
2007 May;132(6):2169-80. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0016508507005859

Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. Chronic inflammation in fat plays a crucial role in the

58



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

development of obesity-related insulin resistance. J Clin Invest [Internet]. 2003 Dec 15;112(12):1821-30.
Available from: http://www.jci.org/articles/view/19451

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. Obesity is associated with
macrophage accumulation in adipose tissue. J Clin Invest [Internet]. 2003 Dec 15;112(12):1796-808.
Available from: http://www.jci.org/articles/view/19246

Plows J, Stanley J, Baker P, Reynolds C, Vickers M. The Pathophysiology of Gestational Diabetes Mellitus. Int
J Mol Sci [Internet]. 2018 Oct 26;19(11):3342. Available from: http://www.mdpi.com/1422-
0067/19/11/3342

Akash MSH, Rehman K, Liagat A. Tumor Necrosis Factor-Alpha: Role in Development of Insulin Resistance
and Pathogenesis of Type 2 Diabetes Mellitus. J Cell Biochem [Internet]. 2018 Jan;119(1):105-10. Available
from: http://doi.wiley.com/10.1002/jcb.26174

Ategbo J-M, Grissa O, Yessoufou A, Hichami A, Dramane KL, Moutairou K, et al. Modulation of Adipokines
and Cytokines in Gestational Diabetes and Macrosomia. J Clin Endocrinol Metab [Internet]. 2006
Oct;91(10):4137-43. Available from: https://academic.oup.com/jcem/article-lookup/doi/10.1210/jc.2006-
0980

Kuzmicki M, Telejko B, Szamatowicz J, Zonenberg A, Nikolajuk A, Kretowski A, et al. High resistin and
interleukin-6 levels are associated with gestational diabetes mellitus. Gynecol Endocrinol [Internet]. 2009
Jan 7;25(4):258-63. Available from: http://www.tandfonline.com/doi/full/10.1080/09513590802653825
MORISSET A-S, DUBE M-C, COTE JA, ROBITAILLE J, WEISNAGEL SJ, TCHERNOF A. Circulating interleukin-6
concentrations during and after gestational diabetes mellitus. Acta Obstet Gynecol Scand [Internet]. 2011
May;90(5):524-30. Available from: http://doi.wiley.com/10.1111/j.1600-0412.2011.01094.x

Fasshauer M, Bliher M, Stumvoll M. Adipokines in gestational diabetes. Lancet Diabetes Endocrinol
[Internet]. 2014 Jun;2(6):488-99. Available from:
https://linkinghub.elsevier.com/retrieve/pii/52213858713701761

Kautzky-Willer A, Pacini G, Tura A, Bieglmayer C, Schneider B, Ludvik B, et al. Increased plasma leptin in
gestational diabetes. Diabetologia [Internet]. 2001 Feb 5;44(2):164-72. Available from:
http://link.springer.com/10.1007/s001250051595

Lépez-Tinoco C, Roca M, Fernandez-Deudero A, Garcia-Valero A, Bugatto F, Aguilar-Diosdado M, et al.
Cytokine profile, metabolic syndrome and cardiovascular disease risk in women with late-onset gestational
diabetes mellitus. Cytokine [Internet]. 2012 Apr;58(1):14-9. Available from:
https://linkinghub.elsevier.com/retrieve/pii/51043466611008362

Briana DD, Malamitsi-Puchner A. Reviews: Adipocytokines in Normal and Complicated Pregnancies. Reprod
Sci [Internet]. 2009 Oct 27;16(10):921-37. Available from:
http://journals.sagepub.com/doi/10.1177/1933719109336614

Abell S, De Courten B, Boyle J, Teede H. Inflammatory and Other Biomarkers: Role in Pathophysiology and
Prediction of Gestational Diabetes Mellitus. Int J Mol Sci [Internet]. 2015 Jun 11;16(12):13442—73. Available
from: http://www.mdpi.com/1422-0067/16/6/13442

Festa A, Shnawa N, Krugluger W, Hopmeier P, Schernthaner G, Haffner SM. Relative hypoleptinaemia in
women with mild gestational diabetes mellitus. Diabet Med [Internet]. 1999 Aug;16(8):656—62. Available
from: http://doi.wiley.com/10.1046/j.1464-5491.1999.00122.x

Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J [Internet]. 2017 Jun 1;474(11):1823—-
36. Available from: https://portlandpress.com/biochemj/article/474/11/1823/49429/Introduction-to-the-
human-gut-microbiota

Gill SR, Pop M, DeBoy RT, Eckburg PB, Turnbaugh PJ, Samuel BS, et al. Metagenomic Analysis of the Human
Distal Gut Microbiome. Science (80- ) [Internet]. 2006 Jun 2;312(5778):1355-9. Available from:
https://www.sciencemag.org/lookup/doi/10.1126/science.1124234

Backhed F, Roswall J, Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, et al. Dynamics and stabilization of the
human gut microbiome during the first year of life. Cell Host Microbe. 2015 May 13;17(5):690-703.

Valdes AM, Walter J, Segal E, Spector TD. Role of the gut microbiota in nutrition and health. BMJ [Internet].
2018 Jun 13;k2179. Available from: http://www.bmj.com/lookup/doi/10.1136/bmj.k2179

Luckey TD. Introduction to intestinal microecology. Am J Clin Nutr [Internet]. 1972 Dec 1;25(12):1292-4.
Available from: https://academic.oup.com/ajcn/article/25/12/1292/4819074

Musso G, Gambino R, Cassader M. Obesity, Diabetes, and Gut Microbiota: The hygiene hypothesis

59



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

expanded?  Diabetes Care [Internet]. 2010 Oct  1;33(10):2277-84.  Available  from:
http://care.diabetesjournals.org/cgi/doi/10.2337/dc10-0556

Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano G, Gasbarrini A, et al. What is the Healthy Gut
Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases.
Microorganisms [Internet]. 2019 Jan 10;7(1):14. Available from: http://www.mdpi.com/2076-2607/7/1/14

Weinstock GM. Genomic approaches to studying the human microbiota. Nature [Internet]. 2012 Sep
12;489(7415):250-6. Available from: http://www.nature.com/articles/nature11553

Franzosa EA, Huang K, Meadow JF, Gevers D, Lemon KP, Bohannan BJM, et al. Identifying personal
microbiomes using metagenomic codes. Proc Natl Acad Sci [Internet]. 2015 Jun 2;112(22):E2930-8. Available
from: http://www.pnas.org/lookup/doi/10.1073/pnas.1423854112

Sears CL. A dynamic partnership: Celebrating our gut flora. Anaerobe [Internet]. 2005 Oct;11(5):247-51.
Available from: https://linkinghub.elsevier.com/retrieve/pii/S1075996405000685

Arumugam M, Raes J, Pelletier E, Paslier D Le, Yamada T, Mende DR, et al. Enterotypes of the human gut
microbiome. 2011;

Jandhyala SM. Role of the normal gut microbiota. World J Gastroenterol [Internet]. 2015;21(29):8787.
Available from: http://www.wjgnet.com/1007-9327/full/v21/i29/8787.htm

Hillman ET, Lu H, Yao T, Nakatsu CH. Microbial Ecology along the Gastrointestinal Tract. Microbes Environ
[Internet]. 2017;32(4):300-13. Available from:
https://www.jstage.jst.go.jp/article/jsme2/32/4/32_ME17017/_article

Clarke G, Stilling RM, Kennedy PJ, Stanton C, Cryan JF, Dinan TG. Minireview: Gut Microbiota: The Neglected
Endocrine  Organ. Mol Endocrinol [Internet]. 2014 Aug;28(8):1221-38. Available from:
https://academic.oup.com/mend/article-lookup/doi/10.1210/me.2014-1108

Zoetendal EG, Vaughan EE, de Vos WM. A microbial world within us. Mol Microbiol [Internet]. 2006
Mar;59(6):1639-50. Available from: http://doi.wiley.com/10.1111/j.1365-2958.2006.05056.x

ZhangX, Li L, Butcher J, Stintzi A, Figeys D. Advancing functional and translational microbiome research using
meta-omics approaches. Microbiome [Internet]. 2019 Dec 6;7(1):154. Available from:
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-019-0767-6

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et al. Succession of microbial consortia in
the developing infant gut microbiome. Proc Natl Acad Sci [Internet]. 2011 Mar 15;108(Supplement_1):4578—
85. Available from: http://www.pnas.org/cgi/doi/10.1073/pnas.1000081107

Rodriguez JM, Murphy K, Stanton C, Ross RP, Kober OlI, Juge N, et al. The composition of the gut microbiota
throughout life, with an emphasis on early life. Microb Ecol Heal Dis [Internet]. 2015 Feb 2;26(0). Available
from: http://www.microbecolhealthdis.net/index.php/mehd/article/view/26050

Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, et al. Delivery mode shapes
the acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc Natl
Acad Sci [Internet]. 2010 Jun 29;107(26):11971-5. Available from:
http://www.pnas.org/cgi/doi/10.1073/pnas.1002601107

Azad MB, Konya T, Maughan H, Guttman DS, Field CJ, Chari RS, et al. Gut microbiota of healthy Canadian
infants: profiles by mode of delivery and infant diet at 4 months. Can Med Assoc J [Internet]. 2013 Mar
19;185(5):385-94. Available from: http://www.cmaj.ca/cgi/doi/10.1503/cmaj.121189

Biasucci G, Benenati B, Morelli L, Bessi E, Boehm G. Cesarean Delivery May Affect the Early Biodiversity of
Intestinal Bacteria. J Nutr [Internet]. 2008 Sep 1;138(9):1796S-1800S. Available from:
https://academic.oup.com/jn/article/138/9/17965/4750859

Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling I, et al. Factors Influencing the Composition of
the Intestinal Microbiota in Early Infancy. Pediatrics [Internet]. 2006 Aug 1;118(2):511-21. Available from:
http://pediatrics.aappublications.org/cgi/doi/10.1542/peds.2005-2824

Schwiertz A, Gruhl B, Lobnitz M, Michel P, Radke M, Blaut M. Development of the Intestinal Bacterial
Composition in Hospitalized Preterm Infants in Comparison with Breast-Fed, Full-Term Infants. Pediatr Res
[Internet]. 2003 Sep;54(3):393-9. Available from:
http://www.nature.com/doifinder/10.1203/01.PDR.0000078274.74607.7A

H@lIstr€m M, Eerola E, Vuento R, Janas M, Tammela O. Effects of mode of delivery and necrotising
enterocolitis on the intestinal microflora in preterm infants. Eur J Clin Microbiol Infect Dis [Internet]. 2004
Jun 1;23(6):463-70. Available from: http://link.springer.com/10.1007/s10096-004-1146-0

60



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Sakata H, Yoshioka H, Fujita K. Development of the intestinal flora in very low birth weight infants compared
to normal full-term newborns. Eur J Pediatr [Internet]. 1985 Jul;144(2):186-90. Available from:
http://link.springer.com/10.1007/BF00451911

Fallani M, Amarri S, Uusijarvi A, Adam R, Khanna S, Aguilera M, et al. Determinants of the human infant
intestinal microbiota after the introduction of first complementary foods in infant samples from five
European centres. Microbiology [Internet]. 2011 May 1;157(5):1385-92. Available from:
https://www.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.042143-0

Laitinen K, Mokkala K. Overall Dietary Quality Relates to Gut Microbiota Diversity and Abundance. Int J Mol
Sci [Internet]. 2019 Apr 13;20(8):1835. Available from: https://www.mdpi.com/1422-0067/20/8/1835

Kong LC, Holmes BA, Cotillard A, Habi-Rachedi F, Brazeilles R, Gougis S, et al. Dietary Patterns Differently
Associate with Inflammation and Gut Microbiota in Overweight and Obese Subjects. PLoS One [Internet].
2014 Oct 20;9(10):e109434. Available from: http://dx.plos.org/10.1371/journal.pone.0109434

Pendyala S, Walker JM, Holt PR. A High-Fat Diet Is Associated With Endotoxemia That Originates From the
Gut. Gastroenterology [Internet]. 2012 May;142(5):1100-1101.e2. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0016508512001588

Turnbaugh PJ, Gordon JI. The core gut microbiome, energy balance and obesity. J Physiol [Internet]. 2009
Sep 1;587(17):4153-8. Available from: http://doi.wiley.com/10.1113/jphysiol.2009.174136

Flint HJ, Duncan SH, Scott KP, Louis P. Interactions and competition within the microbial community of the
human colon: links between diet and health. Environ Microbiol [Internet]. 2007 May;9(5):1101-11. Available
from: http://doi.wiley.com/10.1111/j.1462-2920.2007.01281.x

Mitsuoka T. Intestinal Flora and Aging. Nutr Rev [Internet]. 2009 Apr 27;50(12):438—46. Available from:
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1111/j.1753-4887.1992.tb02499.x
Sircana A, Framarin L, Leone N, Berrutti M, Castellino F, Parente R, et al. Altered Gut Microbiota in Type 2
Diabetes: Just a Coincidence? Curr Diab Rep [Internet]. 2018 Oct 13;18(10):98. Available from:
http://link.springer.com/10.1007/s11892-018-1057-6

Spor A, Koren O, Ley R. Unravelling the effects of the environment and host genotype on the gut microbiome.
Nat Rev Microbiol [Internet]. 2011 Apr 16;9(4):279-90. Available from:
http://www.nature.com/articles/nrmicro2540

Willing BP, Dicksved J, Halfvarson J, Andersson AF, Lucio M, Zheng Z, et al. A Pyrosequencing Study in Twins
Shows That Gastrointestinal Microbial Profiles Vary With Inflammatory Bowel Disease Phenotypes.
Gastroenterology [Internet]. 2010 Dec;139(6):1844-1854.e1. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0016508510012990

Abrahamsson TR, Jakobsson HE, Andersson AF, Bjorkstén B, Engstrand L, Jenmalm MC. Low gut microbiota
diversity in early infancy precedes asthma at school age. Clin Exp Allergy [Internet]. 2014 Jun;44(6):842-50.
Available from: http://doi.wiley.com/10.1111/cea.12253

Wang W-L, Xu S-Y, Ren Z-G, Tao L, Jiang J-W, Zheng S-S. Application of metagenomics in the human gut
microbiome. World J Gastroenterol [Internet]. 2015;21(3):803. Available from:
http://www.wjgnet.com/1007-9327/full/v21/i3/803.htm

Cani PD, Osto M, Geurts L, Everard A. Involvement of gut microbiota in the development of low-grade
inflammation and type 2 diabetes associated with obesity. Gut Microbes [Internet]. 2012 Jul 14;3(4):279—
88. Available from: http://www.tandfonline.com/doi/abs/10.4161/gmic.19625

Aguirre M, Venema K. Does the Gut Microbiota Contribute to Obesity? Going beyond the Gut Feeling.
Microorganisms [Internet]. 2015 Apr 27;3(2):213-35. Available from: http://www.mdpi.com/2076-
2607/3/2/213

Meijnikman AS, Gerdes VE, Nieuwdorp M, Herrema H. Evaluating Causality of Gut Microbiota in Obesity and
Diabetes in Humans. Endocr Rev [Internet]. 2018 Apr 1;39(2):133-53. Available from:
https://academic.oup.com/edrv/article/39/2/133/4772276

Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity alters gut microbial ecology.
Proc Natl Acad Sci [Internet]. 2005 Aug 2;102(31):11070-5. Available from:
http://www.pnas.org/cgi/doi/10.1073/pnas.0504978102

Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Human gut microbes associated with obesity. Nature [Internet].
2006 Dec 21;444(7122):1022-3. Available from: http://www.nature.com/articles/4441022a

Nadal I, Santacruz A, Marcos A, Warnberg J, Garagorri M, Moreno LA, et al. Shifts in clostridia, bacteroides

61



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

and immunoglobulin-coating fecal bacteria associated with weight loss in obese adolescents. Int J Obes
[Internet]. 2009 Jul 9;33(7):758—67. Available from: http://www.nature.com/articles/ijo2008260

Santacruz A, Collado MC, Garcia-Valdés L, Segura MT, Martin-Lagos JA, Anjos T, et al. Gut microbiota
composition is associated with body weight, weight gain and biochemical parameters in pregnant women.
Br J Nutr [Internet]. 2010 Jul 8 [cited 2018 Sep 17];104(01):83-92. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/20205964

Santacruz A, Marcos A, Warnberg J, Marti A, Martin-Matillas M, Campoy C, et al. Interplay Between Weight
Loss and Gut Microbiota Composition in Overweight Adolescents. Obesity [Internet]. 2009 Oct;17(10):1906—
15. Available from: http://doi.wiley.com/10.1038/0by.2009.112

Schwiertz A, Taras D, Schéfer K, Beijer S, Bos NA, Donus C, et al. Microbiota and SCFA in Lean and Overweight
Healthy Subjects. Obesity [Internet]. 2010 Jan;18(1):190-5. Available from:
http://doi.wiley.com/10.1038/0by.2009.167

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut microbiome
with increased capacity for energy harvest. Nature [Internet]. 2006 Dec;444(7122):1027-31. Available from:
http://www.nature.com/articles/nature05414

Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-Induced Obesity Is Linked to Marked but Reversible
Alterations in the Mouse Distal Gut Microbiome. Cell Host Microbe [Internet]. 2008 Apr;3(4):213-23.
Available from: https://linkinghub.elsevier.com/retrieve/pii/51931312808000899

Tremaroli V, Karlsson F, Werling M, Stahiman M, Kovatcheva-Datchary P, Olbers T, et al. Roux-en-Y Gastric
Bypass and Vertical Banded Gastroplasty Induce Long-Term Changes on the Human Gut Microbiome
Contributing to Fat Mass Regulation. Cell Metab [Internet]. 2015 Aug;22(2):228-38. Available from:
https://linkinghub.elsevier.com/retrieve/pii/51550413115003381

Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, et al. Gut Microbiota from Twins Discordant for
Obesity Modulate Metabolism in Mice. Science (80- ) [Internet]. 2013 Sep 6;341(6150):1241214-1241214.
Available from: https://www.sciencemag.org/lookup/doi/10.1126/science.1241214

Rao K, Safdar N. Fecal microbiota transplantation for the treatment of Clostridium difficile infection. J Hosp
Med [Internet]. 2016 Jan;11(1):56-61. Available from:
http://www.journalofhospitalmedicine.com/jhospmed/article/127984/fecal-microbiota-transplant-cdi
Zhang F, Luo W, Shi Y, Fan Z, Ji G. Should We Standardize the 1,700-Year-Old Fecal Microbiota
Transplantation? Am J Gastroenterol [Internet]. 2012 Nov;107(11):1755. Available from:
http://journals.lww.com/00000434-201211000-00026

Fandriks L. Roles of the gut in the metabolic syndrome: an overview. Journal of Internal Medicine. 2017.
Khan MT, Nieuwdorp M, Backhed F. Microbial Modulation of Insulin Sensitivity. Cell Metab [Internet]. 2014
Nov;20(5):753-60. Available from: https://linkinghub.elsevier.com/retrieve/pii/51550413114003143
Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JFWM, et al. Transfer of Intestinal
Microbiota From Lean Donors Increases Insulin Sensitivity in Individuals With Metabolic Syndrome.
Gastroenterology [Internet]. 2012 Oct;143(4):913-916.e7. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S001650851200892X

Ghoshal S, Witta J, Zhong J, de Villiers W, Eckhardt E. Chylomicrons promote intestinal absorption of
lipopolysaccharides. J Lipid Res [Internet]. 2009  Jan;50(1):90-7. Available  from:
http://www.jlr.org/lookup/doi/10.1194/jlr. M800156-JLR200

Gaudier E, Jarry A, Blottiere HM, de Coppet P, Buisine MP, Aubert JP, et al. Butyrate specifically modulates
MUC gene expression in intestinal epithelial goblet cells deprived of glucose. Am J Physiol Liver Physiol
[Internet]. 2004 Dec;287(6):G1168-74. Available from:
https://www.physiology.org/doi/10.1152/ajpgi.00219.2004

Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, Yoshimura K, et al. Bifidobacteria can protect from
enteropathogenic infection through production of acetate. Nature [Internet]. 2011 Jan 26;469(7331):543—
7. Available from: http://www.nature.com/articles/nature09646

Louis P, Young P, Holtrop G, Flint HJ. Diversity of human colonic butyrate-producing bacteria revealed by
analysis of the butyryl-CoA:acetate CoA-transferase gene. Environ Microbiol [Internet]. 2010 Feb;12(2):304—
14. Available from: http://doi.wiley.com/10.1111/j.1462-2920.2009.02066.x

Levy M, Thaiss CA, Elinav E. Metabolites: messengers between the microbiota and the immune system.
Genes Dev [Internet]. 2016 Jul 15;30(14):1589-97. Available from:

62



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.284091.116

Cani PD. Interactions between gut microbes and host cells control gut barrier and metabolism. Int J Obes
Suppl [Internet]. 2016 Dec 16;6(S1):528-31. Available from: http://www.nature.com/articles/ijosup20166
Creely SJ, McTernan PG, Kusminski CM, Fisher ff. M, Da Silva NF, Khanolkar M, et al. Lipopolysaccharide
activates an innate immune system response in human adipose tissue in obesity and type 2 diabetes. Am J
Physiol Metab [Internet]. 2007 Mar;292(3):E740-7. Available from:
https://www.physiology.org/doi/10.1152/ajpendo.00302.2006

Magon N, Kumar P. Hormones in pregnancy. Niger Med J [Internet]. 2012;53(4):179. Available from:
http://www.nigeriamedj.com/text.asp?2012/53/4/179/107549

Mor G, Cardenas |. The Immune System in Pregnancy: A Unique Complexity. Am J Reprod Immunol [Internet].
2010 Mar 29;63(6):425-33. Available from: http://doi.wiley.com/10.1111/j.1600-0897.2010.00836.x

Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Kling Backhed H, et al. Host Remodeling of the Gut
Microbiome and Metabolic Changes during Pregnancy. Cell [Internet]. 2012 Aug 3 [cited 2018 Sep
171;150(3):470-80. Available from:
https://www.sciencedirect.com/science/article/pii/S009286741200829X?via%3Dihub

DiGiulio DB, Callahan BJ, McMurdie PJ, Costello EK, Lyell DJ, Robaczewska A, et al. Temporal and spatial
variation of the human microbiota during pregnancy. Proc Natl Acad Sci. 2015;

Collado MC, Isolauri E, Laitinen K, Salminen S. Distinct composition of gut microbiota during pregnancy in
overweight and normal-weight women. Am J Clin Nutr. 2008;88(4):894-9.

Stanislawski MA, Dabelea D, Wagner BD, Sontag MK, Lozupone CA, Eggesbg M. Pre-pregnancy weight,
gestational weight gain, and the gut microbiota of mothers and their infants. Microbiome [Internet]. 2017
Dec 4;5(1):113. Available from: https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-
017-0332-0

Gomez-Arango LF, Barrett HL, McIntyre HD, Callaway LK, Morrison M, Nitert MD, et al. Connections between
the gut microbiome and metabolic hormones in early pregnancy in overweight and obese women. Diabetes.
2016;65(8):2214-23.

Crusell MKW, Hansen TH, Nielsen T, Allin KH, Rihlemann MC, Damm P, et al. Gestational diabetes is
associated with change in the gut microbiota composition in third trimester of pregnancy and postpartum.
Microbiome. 2018 May 15;6(1):89.

Wang J, Zheng J, Shi W, Du N, Xu X, Zhang Y, et al. Dysbiosis of maternal and neonatal microbiota associated
with  gestational diabetes mellitus. Gut [Internet]. 2018;67(9):1614-25. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29760169

Cortez R V., Taddei CR, Sparvoli LG, Angelo AGS, Padilha M, Mattar R, et al. Microbiome and its relation to
gestational diabetes. Endocrine. 2018 May 15;

Zheng J, Xiao X, Zhang Q, Mao L, Yu M, Xu J, et al. The Placental Microbiota Is Altered among Subjects with
Gestational Diabetes Mellitus : A Pilot Study. 2017;8(September):1-12.

Kuang YS, Lu JH, Li SH, Li JH, Yuan MY, He JR, et al. Connections between the human gut microbiome and
gestational diabetes mellitus. Gigascience. 2017;

Mokkala K, Houttu N, Vahlberg T, Munukka E, Rénnemaa T, Laitinen K. Gut microbiota aberrations precede
diagnosis of gestational diabetes mellitus. Acta Diabetol [Internet]. 2017 Dec 4 [cited 2018 Sep
17];54(12):1147-9. Available from: http://www.ncbi.nIm.nih.gov/pubmed/28980079

Hasan S, Aho V, Pereira P, Paulin L, Koivusalo SB, Auvinen P, et al. Gut microbiome in gestational diabetes: a
cross-sectional study of mothers and offspring 5 years postpartum. Acta Obstet Gynecol Scand [Internet].
2018 Jan [cited 2018 Sep 17];97(1):38-46. Available from: http://www.ncbi.nim.nih.gov/pubmed/29077989
J.H,Y.N, A B, H. F-H, S. |, Z. P, et al. Diversified microbiota of meconium is affected by maternal diabetes
status. PLoS One [Internet]. 2013;8(11). Available from:
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=1372116174
M.S,Y.N,R.S,S.D, Y. J, M. W, et al. Diversified gut microbiota in newborns of mothers with gestational
diabetes mellitus. Alpini GD, editor. PLoS One [Internet]. 2018;13(10):e0205695. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/30332459

Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, et al. The First Microbial Colonizers of the
Human Gut: Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiol Mol
Biol Rev [Internet]. 2017;81(4). Available from: http://www.ncbi.nlm.nih.gov/pubmed/29118049

63



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.
160.

161.

162.

163.

164.

165.

166.

Chong CYL, Bloomfield FH, O’Sullivan JM. Factors affecting gastrointestinal microbiome development in
neonates. Vol. 10, Nutrients. MDPI AG; 2018.

Buchanan KL, Bohérquez D V. You Are What You (First) Eat. Front Hum Neurosci [Internet]. 2018 Aug 13;12.
Available from: https://www.frontiersin.org/article/10.3389/fnhum.2018.00323/full

Gohir W, Ratcliffe EM, Sloboda DM. Of the bugs that shape us: maternal obesity, the gut microbiome, and
long-term disease risk. Pediatr Res [Internet]. 2015 Jan 14;77(1-2):196-204. Available from:
http://www.nature.com/articles/pr2014169

Ficara M, Pietrella E, Spada C, Della Casa Muttini E, Lucaccioni L, lughetti L, et al. Changes of intestinal
microbiota in early life. ] Matern Neonatal Med [Internet]. 2020 Mar 18;33(6):1036—-43. Available from:
https://www.tandfonline.com/doi/full/10.1080/14767058.2018.1506760

Soderborg TK, Clark SE, Mulligan CE, Janssen RC, Babcock L, Ir D, et al. The gut microbiota in infants of obese
mothers increases inflammation and susceptibility to NAFLD. Nat Commun. 2018 Dec 1;9(1).

Guzzardi MA, Ait Ali L, D’Aurizio R, Rizzo F, Saggese P, Sanguinetti E, et al. Fetal cardiac growth is associated
with in utero gut colonization. Nutr Metab Cardiovasc Dis. 2019 Feb 1;29(2):170-6.

Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard KM. Maturation of the infant microbiome
community structure and function across multiple body sites and in relation to mode of delivery. Nat Med
[Internet]. 2017 Mar 23;23(3):314-26. Available from: http://www.nature.com/articles/nm.4272
Rehbinder EM, Lgdrup Carlsen KC, Staff AC, Angell IL, Landrg L, Hilde K, et al. Is amniotic fluid of women with
uncomplicated term pregnancies free of bacteria? Am J Obstet Gynecol. 2018 Sep 1;219(3):289.e1-289.e12.
Lim ES, Rodriguez C, Holtz LR. Amniotic fluid from healthy term pregnancies does not harbor a detectable
microbial community. Microbiome [Internet]. 2018 Dec 11;6(1):87. Available from:
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0475-7

Willyard C. Could baby’s first bacteria take root before birth? Nature [Internet]. 2018 Jan 17;553(7688):264—
6. Available from: http://www.nature.com/articles/d41586-018-00664-8

Chandler-Laney PC, Bush NC, Granger WM, Rouse DJ, Mancuso MS, Gower BA. Overweight status and
intrauterine exposure to gestational diabetes are associated with children’s metabolic health. Pediatr Obes
[Internet]. 2012 Feb;7(1):44-52. Available from: http://doi.wiley.com/10.1111/j.2047-6310.2011.00009.x
Hod M, Kapur A, Sacks DA, Hadar E, Agarwal M, Di Renzo GC, et al. The International Federation of
Gynecology and Obstetrics (FIGO) Initiative on gestational diabetes mellitus: A pragmatic guide for diagnosis,
management, and care. In: International Journal of Gynecology and Obstetrics. 2015.

Tests D, Diabetes FOR. 2 . Classification and Diagnosis of Diabetes. 2015;38(January):8—16.

Ferrocino |, Di Cagno R, De Angelis M, Turroni S, Vannini L, Bancalari E, et al. Fecal microbiota in healthy
subjects following omnivore, vegetarian and vegan diets: Culturable populations and rRNA DGGE profiling.
PLoS One. 2015;

Taylor HL, Jacobs DR, Schucker B, Knudsen J, Leon AS, Debacker G. A questionnaire for the assessment of
leisure time physical activities. J Chronic Dis. 1978;

Bertino E, Murru P, Bagna R, ... AV-RI, 1999 undefined. Standard antropometrici neonatali dell’ltalia Nord-
Occidentale. iris.unito.it [Internet]. [cited 2018 Sep 17]; Available from:
https://iris.unito.it/handle/2318/41999

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model assessment:
insulin resistance and B-cell function from fasting plasma glucose and insulin concentrations in man.
Diabetologia. 1985;

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evaluation of general 16S ribosomal
RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids
Res [Internet]. 2013  Jan 1 [cited 2018 Sep 17];41(1):el-el. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22933715

Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to improve genome assemblies.
Bioinformatics [Internet]. 2011 Nov 1 [cited 2018 Sep 17];27(21):2957-63. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21903629

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. correspondence QIIME
allows analysis of high- throughput community sequencing data Intensity normalization improves color
calling in SOLD sequencing. Nat Publ Gr [Internet]. 2010;7(5):335-6. Available from:
http://dx.doi.org/10.1038/nmeth0510-335

64



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Schmieder R, Edwards R. Quality control and preprocessing of metagenomic datasets. Bioinformatics
[Internet]. 2011 Mar 15 [cited 2018 Sep 17];27(6):863-4. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21278185

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics [Internet]. 2010 Oct
1 [cited 2018 Sep 171;26(19):2460-1. Available from: http://www.ncbi.nIlm.nih.gov/pubmed/20709691
Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, et al. Predictive functional profiling
of microbial communities using 16S rRNA marker gene sequences. Nat Biotechnol [Internet]. 2013 Sep 25
[cited 2018 Sep 171;31(9):814-21. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23975157

Luo W, Friedman MS, Shedden K, Hankenson KD, Woolf PJ. GAGE : generally applicable gene set enrichment
for pathway analysis. 2009;17:1-17.

Eren AM, Maignien L, Sul WJ, Murphy LG, Grim SL, Morrison HG, et al. Oligotyping: Differentiating between
closely related microbial taxa using 16S rRNA gene data. Methods Ecol Evol. 2013;4(12):1111-9.

Dixon P. VEGAN, a package of R functions for community ecology. Journal of Vegetation Science. 2003.
Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Kling Backhed H, et al. Host Remodeling of the Gut
Microbiome and Metabolic Changes during Pregnancy. Cell [Internet]. 2012 Aug;150(3):470-80. Available
from: https://linkinghub.elsevier.com/retrieve/pii/S009286741200829X

Hod M, Kapur A, Sacks DA, Hadar E, Agarwal M, Di Renzo GC, et al. The International Federation of
Gynecology and Obstetrics (FIGO) Initiative on gestational diabetes mellitus: A pragmatic guide for diagnosis,
management, and care#. Int J Gynecol Obstet [Internet]. 2015 Oct;131:5173. Available from:
http://doi.wiley.com/10.1016/5S0020-7292(15)30007-2

Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. Richness of human gut microbiome
correlates with metabolic markers. Nature [Internet]. 2013 Aug 29 [cited 2018 Sep 17];500(7464):541-6.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/23985870

Org E, Blum Y, Kasela S, Mehrabian M, Kuusisto J, Kangas AJ, et al. Relationships between gut microbiota,
plasma metabolites, and metabolic syndrome traits in the METSIM cohort. Genome Biol [Internet]. 2017 Dec
13 [cited 2018 Sep 17];18(1):70. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28407784

Zhang L, Bahl MI, Roager HM, Fonvig CE, Hellgren LI, Frandsen HL, et al. Environmental spread of microbes
impacts the development of metabolic phenotypes in mice transplanted with microbial communities from
humans. ISME J [Internet]. 2017 Mar 18 [cited 2018 Sep 17];11(3):676-90. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27858930

Dao MC, Everard A, Clément K, Cani PD. Losing weight for a better health: Role for the gut microbiota. Clin
Nutr Exp. 2016;

Cani PD. Gut microbiota and obesity : lessons from the microbiome. 2018;12(4).

Santacruz A, Collado MC, Garcia-Valdés L, Segura MT, Maritn-Lagos JA, Anjos T, et al. Gut microbiota
composition is associated with body weight, weight gain and biochemical parameters in pregnant women.
Br J Nutr. 2010;

Collado MC, Isolauri E, Laitinen K, Salminen S. Distinct composition of gut microbiota during pregnancy in
overweight and normal-weight women. Am J Clin Nutr. 2008;

Suez J, Shapiro H, Elinav E. Role of the microbiome in the normal and aberrant glycemic response. Clin Nutr
Exp [Internet]. 2016 Apr 1 [cited 2018 Sep 17];6:59-73. Available from:
https://www.sciencedirect.com/science/article/pii/S2352939316000026?via%3Dihub

Gomez-Arango LF, Barrett HL, McIntyre HD, Callaway LK, Morrison M, Dekker Nitert M, et al. Connections
Between the Gut Microbiome and Metabolic Hormones in Early Pregnancy in Overweight and Obese
Women. Diabetes [Internet]. 2016 Aug [cited 2018 Sep 17];65(8):2214-23. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27217482

Aguirre M, Venema K. Does the Gut Microbiota Contribute to Obesity? Going beyond the Gut Feeling.
Microorganisms. 2015;

Roytio H, Mokkala K, Vahlberg T, Laitinen K. Dietary intake of fat and fibre according to reference values
relates to higher gut microbiota richness in overweight pregnant women. Br J Nutr [Internet]. 2017 Sep 13
[cited 2018 Sep 17];118(05):343-52. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28901891
Lekva T, Norwitz ER, Aukrust P, Ueland T. Impact of Systemic Inflammation on the Progression of Gestational
Diabetes Mellitus. Current Diabetes Reports. 2016.

Karlsson FH, Tremaroli V, Nookaew |, Bergstrém G, Behre CJ, Fagerberg B, et al. Gut metagenome in

65



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

European women with normal, impaired and diabetic glucose control. Nature. 2013;498(7452):99-103.

Qin J, LiY, Cai Z, Li S, Zhu J, Zhang F, et al. A metagenome-wide association study of gut microbiota in type 2
diabetes. Nature. 2012;

Tilg H, Moschen AR. Microbiota and diabetes: an evolving relationship. Gut [Internet]. 2014 Sep;63(9):1513—
21. Available from: http://gut.bmj.com/lookup/doi/10.1136/gutjnl-2014-306928

Zhang X, Shen D, Fang Z, Jie Z, Qiu X, Zhang C, et al. Human Gut Microbiota Changes Reveal the Progression
of Glucose Intolerance. Federici M, editor. PLoS One [Internet]. 2013 Aug 27 [cited 2018 Sep 17];8(8):e71108.
Available from: http://www.ncbi.nIlm.nih.gov/pubmed/24013136

Furet J, Kong L, Tap J, Poitou C, Basdevant A, Bouillot J, et al. Differential Adaptation of Human Gut
Microbiota to bariatric surgery-induced weight loss. Diabetes. 2010;

Del Chierico F, Nobili V, Vernocchi P, Russo A, Stefanis C De, Gnani D, et al. Gut microbiota profiling of
pediatric nonalcoholic fatty liver disease and obese patients unveiled by an integrated meta-omics-based
approach. Hepatology. 2017;65(2):451—-64.

Gomez-Arango LF, Barrett HL, Mcintyre HD, Callaway LK, Morrison M, Dekker Nitert M. Increased Systolic
and Diastolic Blood Pressure is Associated with Altered Gut Microbiota Composition and Butyrate Production
in Early Pregnancy. Hypertension. 2016;

Gomez-Arango LF, Barrett HL, Wilkinson SA, Callaway LK, McIntyre HD, Morrison M, et al. Low dietary fiber
intake increases Collinsella abundance in the gut microbiota of overweight and obese pregnant women. Gut
Microbes [Internet]. 2017;0976:00—-00. Available from:
https://www.tandfonline.com/doi/full/10.1080/19490976.2017.1406584

Griffen AL, Beall CJ, Campbell JH, Firestone ND, Kumar PS, Yang ZK, et al. Distinct and complex bacterial
profiles in human periodontitis and health revealed by 16S pyrosequencing. ISME J. 2012;

Shin J, Sim M, Lee J, Shin D. Lifestyle and geographic insights into the distinct gut microbiota in elderly women
from two different geographic locations. J Physiol Anthropol [Internet]. 2016;1-9. Available from:
http://dx.doi.org/10.1186/s40101-016-0121-7

Allin KH, Nielsen T, Pedersen O. MECHANISMS IN ENDOCRINOLOGY: Gut microbiota in patients with type 2
diabetes mellitus. Eur J Endocrinol [Internet]. 2015 Apr [cited 2018 Sep 17];172(4):R167—77. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25416725

Mancuso G, Midiri A, Biondo C, Beninati C, Gambuzza M, Macri D, et al. Bacteroides fragilis-Derived
Lipopolysaccharide Produces Cell Activation and Lethal Toxicity via Toll-Like Receptor 4. Infect Immun
[Internet]. 2005 Sep 1 [cited 2018 Sep 17];73(9):5620-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16113279

Kuang Y-S, Lu J-H, Li S-H, Li J-H, Yuan M-Y, He J-R, et al. Connections between the human gut microbiome
and gestational diabetes mellitus. Gigascience [Internet]. 2017 Aug 1;6(8). Available from:
https://academic.oup.com/gigascience/article/doi/10.1093/gigascience/gix058/4056270

Egshatyan L, Kashtanova D, Popenko A, Tkacheva O, Tyakht A, Alexeev D, et al. Gut microbiota and diet in
patients with different glucose tolerance. Endocr Connect. 2015;

Qi CJ, Zhang Q, Yu M, Xu JP, Zheng J, Wang T, et al. Imbalance of fecal microbiota at newly diagnosed type 1
diabetes in Chinese children. Chin Med J (Engl). 2016;

Jeng RR, Taur Y, Devlin SM, Ponce DM, Goldberg JD, Ahr KF, et al. Intestinal Blautia Is Associated with
Reduced Death from Graft-versus-Host Disease. Biol Blood Marrow Transplant. 2015;

Hong PY, Croix JA, Greenberg E, Gaskins HR, Mackie RIl. Pyrosequencing-based analysis of the mucosal
microbiota in healthy individuals reveals ubiquitous bacterial groups and micro-heterogeneity. PLoS One.
2011;6(9).

Canani RB, Sangwan N, Stefka AT, Nocerino R, Paparo L, Aitoro R, et al. Lactobacillus rhamnosus GG-
supplemented formula expands butyrate-producing bacterial strains in food allergic infants. ISME J. 2016;
De Filippis F, Pellegrini N, Laghi L, Gobbetti M, Ercolini D. Unusual sub-genus associations of faecal Prevotella
and Bacteroides with specific dietary patterns. Microbiome [Internet]. 2016 Dec 21 [cited 2018 Sep
17];4(1):57. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27769291

Taylor BL, Woodfall GE, Sheedy KE, Riley MLO, Rainbow KA, Bramwell EL, et al. Effect of Probiotics on
Metabolic Outcomes in Pregnant Women with Gestational Diabetes: A Systematic Review and Meta-
Analysis of Randomized Controlled Trials. 2017;

Ranjan R, Rani A, Metwally A, McGee HS, Perkins DL. Analysis of the microbiome: Advantages of whole

66



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

genome shotgun versus 16S amplicon sequencing. Biochem Biophys Res Commun [Internet]. 2016 Jan 22
[cited 2018 Sep 17];469(4):967—-77. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26718401

Biagi E, Quercia S, Aceti A, Beghetti I, Rampelli S, Turroni S, et al. The bacterial ecosystem of mother’s milk
and infant’s mouth and gut. Front Microbiol. 2017;

Ferrocino |, Ponzo V, Gambino R, Zarovska A, Leone F, Monzeglio C, et al. Changes in the gut microbiota
composition during pregnancy in patients with gestational diabetes mellitus (GDM). Sci Rep. 2018;
Associazione Medici Diabetologi (AMD); Societa Italiana di Diabetologia (SID). Standard Italiani per la Cura
del Diabete. 2018.

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evaluation of general 16S ribosomal
RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids
Res. 2013;

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows analysis of
high-throughput community sequencing data. Nat Methods. 2010;

Eren AM, Esen OC, Quince C, Vineis JH, Morrison HG, Sogin ML, et al. Anvi’o: an advanced analysis and
visualization platform for ‘omics data. Peer) [Internet]. 2015 Oct 8;3:e1319. Available from:
https://peerj.com/articles/1319

Dixon P. VEGAN, a package of R functions for community ecology. J Veg Sci [Internet]. 2003 Dec 1 [cited 2018
Sep 17];14(6):927-30. Available from: http://doi.wiley.com/10.1111/j.1654-1103.2003.tb02228.x
Chernikova DA, Koestler DC, Hoen AG, Housman ML, Hibberd PL, Moore JH, et al. Fetal exposures and
perinatal influences on the stool microbiota of premature infants. ] Matern Neonatal Med. 2016 Jan
2;29(1):99-105.

Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human gut colonisation may be initiated in utero by
distinct microbial communities in the placenta and amniotic fluid. Sci Rep [Internet]. 2016 Mar 22;6:23129.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/27001291

Del Chierico F, Vernocchi P, Petrucca A, Paci P, Fuentes S, Pratico G, et al. Phylogenetic and metabolic tracking
of gut microbiota during perinatal development. PLoS One. 2015 Sep 2;10(9).

Gosalbes MJ, Llop S, Vallés Y, Moya A, Ballester F, Francino MP. Meconium microbiota types dominated by
lactic acid or enteric bacteria are differentially associated with maternal eczema and respiratory problems
in infants. Clin Exp Allergy. 2013 Feb;43(2):198-211.

Madan JC, Salari RC, Saxena D, Davidson L, O’Toole GA, Moore JH, et al. Gut microbial colonisation in
premature neonates predicts neonatal sepsis. Arch Dis Child Fetal Neonatal Ed. 2012;97(6).

Moles L, Gémez M, Heilig H, Bustos G, Fuentes S, de Vos W, et al. Bacterial Diversity in Meconium of Preterm
Neonates and Evolution of Their Fecal Microbiota during the First Month of Life. PLoS One. 2013 Jun 28;8(6).
Yassour M, Jason E, Hogstrom LJ, Arthur TD, Tripathi S, Siljander H, et al. Strain-Level Analysis of Mother-to-
Child Bacterial Transmission during the First Few Months of Life. Cell Host Microbe. 2018 Jul 11;24(1):146-
154.e4.

Ardissone AN, De La Cruz DM, Davis-Richardson AG, Rechcigl KT, Li N, Drew JC, et al. Meconium microbiome
analysis identifies bacteria correlated with premature birth. PLoS One. 2014 Mar 10;9(3).

Su M, Nie Y, Shao R, Duan S, Jiang Y, Wang M, et al. Diversified gut microbiota in newborns of mothers with
gestational diabetes mellitus. PLoS One [Internet]. 2018 Oct 17;13(10):e0205695. Available from:
http://dx.plos.org/10.1371/journal.pone.0205695

Hornef M, Penders J. Does a prenatal bacterial microbiota exist? Mucosal Immunol. 2017 May;10(3):598—
601.

Penders J, Thijs C, Van Den Brandt PA, Kummeling I, Snijders B, Stelma F, et al. Gut microbiota composition
and development of atopic manifestations in infancy: The KOALA birth cohort study. Gut. 2007;
Mshvildadze M, Neu J, Shuster J, Theriaque D, Li N, Mai V. Intestinal Microbial Ecology in Premature Infants
Assessed with Non-Culture-Based Techniques. J Pediatr. 2010;

Jiménez E, Marin ML, Martin R, Odriozola JM, Olivares M, Xaus J, et al. Is meconium from healthy newborns
actually sterile? Res Microbiol. 2008;

Hasan S, Aho V, Pereira P, Paulin L, Koivusalo SB, Auvinen P, et al. Gut microbiome in gestational diabetes: a
cross-sectional study of mothers and offspring 5 years postpartum. Acta Obstet Gynecol Scand [Internet].
2018 Jan;97(1):38-46. Available from: http://doi.wiley.com/10.1111/a0gs.13252

Santacruz A, Collado MC, Garcia-Valdés L, Segura MT, Martin-Lagos JA, Anjos T, et al. Gut microbiota

67



230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243,

244,

245,

composition is associated with body weight, weight gain and biochemical parameters in pregnant women.
Br J Nutr [Internet]. 2010 Jul 14;104(1):83-92. Available from:
https://www.cambridge.org/core/product/identifier/S0007114510000176/type/journal_article

Damm P, Houshmand-Oeregaard A, Kelstrup L, Lauenborg J, Mathiesen ER, Clausen TD. Gestational diabetes
mellitus and long-term consequences for mother and offspring: a view from Denmark. Diabetologia
[Internet]. 2016 Jul 12;59(7):1396—9. Available from: http://link.springer.com/10.1007/s00125-016-3985-5
Walker RW, Clemente JC, Peter |, Loos RJF. The prenatal gut microbiome: are we colonized with bacteria in
utero? Pediatric Obesity. 2017.

Mulligan CM, Friedman JE. Maternal modifiers of the infant gut microbiota : metabolic consequences.
2017;(August 2016):27-30.

Russell SL, Gold MJ, Reynolds LA, Willing BP, Dimitriu P, Thorson L, et al. Perinatal antibiotic-induced shifts
in gut microbiota have differential effects on inflammatory lung diseases. J Allergy Clin Immunol. 2015;
Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, et al. Delivery mode shapes
the acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc Natl
Acad Sci U S A. 2010;

Rutayisire E, Huang K, Liu Y, Tao F. The mode of delivery affects the diversity and colonization pattern of the
gut microbiota during the first year of infants’ life: A systematic review. BMC Gastroenterol. 2016;

Singh SB, Madan J, Coker M, Hoen A, Baker ER, Karagas MR, et al. Does birth mode modify associations of
maternal pre-pregnancy BMI and gestational weight gain with the infant gut microbiome? Int J Obes
[Internet]. 2020 Jan 14;44(1):23-32. Available from: http://www.nature.com/articles/s41366-018-0273-0
Korpela K, Salonen A, Hickman B, Kunz C, Sprenger N, Kukkonen K, et al. Fucosylated oligosaccharides in
mother’s milk alleviate the effects of caesarean birth on infant gut microbiota. Sci Rep. 2018;

Wang M, Li M, Wu S, Lebrilla CB, Chapkin RS, Ivanov I, et al. Fecal microbiota composition of breast-fed
infants is correlated with human milk oligosaccharides consumed. J Pediatr Gastroenterol Nutr. 2015;
Jiménez E, Ferndndez L, Marin ML, Martin R, Odriozola JM, Nueno-Palop C, et al. Isolation of commensal
bacteria from umbilical cord blood of healthy neonates born by cesarean section. Curr Microbiol. 2005;
Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, et al. Mother-to-Infant Microbial Transmission from
Different Body Sites Shapes the Developing Infant Gut Microbiome. Cell Host Microbe. 2018;

Asnicar F, Manara S, Zolfo M, Truong DT, Scholz M, Armanini F, et al. Studying Vertical Microbiome
Transmission from Mothers to Infants by Strain-Level Metagenomic Profiling. mSystems. 2017;

Turroni F, Foroni E, Serafini F, Viappiani A, Montanini B, Bottacini F, et al. Ability of Bifidobacterium breve To
Grow on Different Types of Milk: Exploring the Metabolism of Milk through Genome Analysis. Appl Environ
Microbiol. 2011;

Murphy K, Curley D, O’Callaghan TF, O’Shea C-A, Dempsey EM, O’Toole PW, et al. The Composition of Human
Milk and Infant Faecal Microbiota Over the First Three Months of Life: A Pilot Study. Sci Rep [Internet]. 2017
Feb 17;7(1):40597. Available from: http://www.nature.com/articles/srep40597

Marcobal A, Barboza M, Froehlich JW, Block DE, German JB, Lebrilla CB, et al. Consumption of human milk
oligosaccharides by gut-related microbes. J Agric Food Chem. 2010;

Lewis ZT, Totten SM, Smilowitz JT, Popovic M, Parker E, Lemay DG, et al. Maternal fucosyltransferase 2 status
affects the gut bifidobacterial communities of breastfed infants. Microbiome. 2015;

68



	1 BACKGROUND OF THE STUDY
	2 GESTATIONAL DIABETES MELLITUS
	2.1 Definition and epidemiology
	2.2 Diagnoses and risk factors associated with GDM
	2.3 GDM associated complications
	2.3.1 Maternal complications
	2.3.2 Fetal and infant complications

	2.4 Treatment of GDM
	2.5  Pathophysiology of GDM

	3 GUT MICROBIOTA
	3.1 Gut Microbiota in Disease
	3.2 Gut Microbiota and Pregnancy
	3.3 Gut Microbiota in women with GDM and their offspring

	4 AIMS AND OBJECTIVES OF THE STUDY
	5 EXPERIMENTAL PART OF THE STUDY (1st PHASE)
	5.1 Methods
	5.1.1  Recruitment of patients
	5.1.2 Collection of samples, anthropometric measurements and dietary information
	5.1.3 Blood analyses
	5.1.4 Fecal DNA extraction
	5.1.5 16S rRNA amplicon target sequencing
	5.1.6 Bioinformatics analysis
	5.1.7 Oligotyping analysis
	5.1.8 Statistical analysis

	5.2 Results
	5.2.1 Characteristics of the participants
	5.2.2 Adherence to the dietary recommendations
	5.2.3 Microbiota composition at enrolment and at the study end
	5.2.4 Associations between microbiota and metabolic variables
	5.2.5 Gut microbiota signature at sub-genus level
	5.2.6 Shift in predicted metagenomes

	5.3 Discussion

	6 EXPERIMENTAL PART OF THE STUDY (2nd PHASE)
	6.1 Methods
	6.1.1 Patients recruitment
	6.1.2 Ethical aspects
	6.1.3 Data and samples collections
	6.1.4 Fecal DNA extraction and sequencing
	6.1.5 Bioinformatics analyses
	6.1.6 Statistical analyses

	6.2 Results
	6.2.1 Maternal and infant gut microbiota composition
	6.2.2 Infant gut microbiota and maternal metabolic variables and delivery outcomes
	6.2.3 Gut microbiota signature at sub-genus level
	6.2.4 Comparison between gut microbiota from GDM offspring and healthy women offspring

	6.3 Discussion

	7 ACKNOWLEDGMENTS
	8 REFERENCES

