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Abstract

It is now well established that, beyond its role in nutrient processing and absorption, the
intestine and its accompanying gut microbiome constitute a major site of immunological
and endocrine regulation that mediates whole-body metabolism. Despite the growing
field of host-microbe research, few studies explore what mechanisms govern this
relationship in the context of pregnancy. During pregnancy, significant maternal
metabolic adaptations are made to accommodate the additional energy demands of
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the developing fetus and to prevent adverse pregnancy outcomes. Recent data suggest
that the maternal gut microbiota may play a role in these adaptations, but changes to
maternal gut physiology and the underlying intestinal mechanisms remain unclear. In
this review, we discuss selective aspects of intestinal physiology including the role of

the incretin hormone, glucagon-like peptide 1 (GLP-1), and the role of the maternal gut
microbiome in the maternal metabolic adaptations to pregnancy. Specifically, we discuss
how bacterial components and metabolites could mediate the effects of the microbiota
on host physiology, including nutrient absorption and GLP-1 secretion and action, and
whether these mechanisms may change maternal insulin sensitivity and secretion during

pregnancy. Finally, we discuss how these pathways could be altered in disease states
during pregnancy including maternal obesity and diabetes.
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Introduction

To accommodate the dynamic energy demands of
pregnancy, whilestillmaintaining metabolichomeostasis,
significant alterations to maternal metabolism are
required (Fig. 1). Impaired or inappropriate maternal
adaptations can disrupt the proper division of nutrients
between mother and fetus, affecting the health of both

(Sferruzzi-Perri et al. 2020). Although the mechanisms
behind the metabolic adaptations to pregnancy are
not fully understood, they are driven, at least in part,
by endocrine-mediated pathways (Napso et al. 2018).
However, it has been suggested that these changes alone
are unable to fully explain the maternal metabolic
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Summary of key changes to maternal glucose metabolism during pregnancy. Diagram highlighting the key maternal metabolic adaptations to pregnancy
occurring in early and late pregnancy. Maternal metabolic adaptations occur in order to support increased energy demands during pregnancy. In early
pregnancy, this includes increased adipocyte hypertrophy as a form of energy storage for later pregnancy and changes to insulin sensitivity. Later in
pregnancy, insulin sensitivity is decreased in peripheral tissues (muscle and adipose) and centrally in the liver and is compensated for by increased
insulin secretion from the maternal pancreatic g-cell. Hepatic glucose output is increased, and blood glucose levels are increased in later pregnancy.
Together these changes allow for increased glucose transfer to the fetus to support growth.

shifts that occur from early to late pregnancy (Kirwan
etal. 2002).

Early in pregnancy, maternal metabolism is anabolic
to prepare for the increased energy demands of fetal and
placental growth later in pregnancy. In late pregnancy,
maternal metabolism becomes catabolic, and the energy
usage shifts from glucose to primarily lipid oxidation,
leaving high levels of circulating blood glucose to support
placental and fetal growth and metabolism. These shifts in
energy usage are mediated by alterationsin maternal insulin
secretion and sensitivity that occur throughout pregnancy
(Lain & Catalano 2007). Until recently, the mechanistic
drivers behind these metabolic adaptations were thought
to be entirely dependent upon endocrine-related
pathways. However, recent discoveries that host-microbe
relationships govern glucose regulation in the non-
pregnant state, have opened the door to new investigations
of the maternal intestine and its bacterial content, as
well as to its contribution to metabolic function (Koren
et al. 2012). To date, the role of the maternal intestine in
glucose control has been largely overlooked in the context
of pregnancy. This review describes the changes that occur

in maternal glucose homeostasis during pregnancy and
discusses novel pathways involving the maternal intestine
that may regulate these metabolic adaptations.

Maternal glucose metabolism

It is well established that maternal insulin sensitivity
decreases over the course of gestation to facilitate
reduced peripheral glucose uptake and increased hepatic
glucose production, fueling the increased demand for
glucose supply to the fetus (Lain & Catalano 2007). The
exact timing of the onset of insulin resistance remains
controversial. Both human and rodent studies have
described increases (Flint et al. 1979), decreases (Catalano
et al. 1991, Beamish et al. 2017)) or no changes (Lind
et al. 1973) in insulin sensitivity in early pregnancy.
In contrast, most data point to a significant reduction
in insulin sensitivity in late pregnancy compared to
the non-pregnant state (Catalano et al. 1991, Musial
et al. 2016, Beamish et al. 2017). Of note, pregnancy-
induced hyperglycemia and hyperinsulinemia are not
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pathological; rather, elevated levels of maternal blood
glucose remain within a healthy range due to both the
insulin-independent transplacental transfer of glucose to
the fetus as well as increased maternal insulin production
to compensate for the rising maternal insulin resistance.

So how does the maternal pancreas cope with the
sustained insulin demand of pregnancy? Pancreatic §-cells
are plastic and can respond to changes in insulin demand
and, although this is pathological in metabolic diseases,
this same expansion of $-cells occurs physiologically in
pregnancy (Butler et al. 2010, Salazar-Petres & Sferruzzi-
Perri 2021). Under non-pregnant circumstances, f-cell
mass is maintained by a balance between increased cell
number (proliferation and neogenesis) and cell loss
(apoptosis). Over the course of pregnancy, there is an
increase in B-cell area (Butler et al. 2010) primarily driven
by an increase in the number of g-cell clusters, which
suggests that neogenesis is a driving force of expansion
rather than proliferation (Butler et al. 2010). However, the
timing and magnitude of this expansion is unclear, and
investigationsarelimited by the scarcity of human pregnant
pancreatic samples.

In rodent studies, proliferation is the driving force of
B-cell expansion, and the highest levels of proliferation
are observed from embryonic days 10-17 (term 20-22
days) (Parsons et al. 1992, Beamish et al. 2017). More recent
studies have identified a population of B-cell progenitors
(Ins*Glut2!0) that are increased prior to pregnancy-related
B-cell expansion, although it is unclear how much these
cells contribute to expansion (Beamish ef al. 2017). In
addition to f-cell expansion, insulin secretory capacity is
also increased in pregnancy. Pancreatic islets isolated from
pregnant rodents are more sensitive to and secrete more
insulin in response to glucose compared to non-pregnant
animals (Green & Taylor 1972). Ultimately, both expansion
and increased secretory capacity of g-cells increase insulin
production in the pancreas and compensate for the
decreased insulin sensitivity in the mother.

These highly coordinated adaptations in insulin
sensitivity and secretion ultimately allow the transfer of
maternal glucose to the fetus (Fig. 1). These adaptations,
however, must be finely tuned, as excessive insulin
resistance and/or failure to increase f-cell mass can result
in pregnancy complications including gestational diabetes
mellitus (GDM, diabetes first diagnosed in pregnancy, and
resolving after pregnancy) (Buchanan 2001). (Fig. 1). While
maternal adaptations to support fetal growth in pregnancy
have been well studied for over 20 years, our understanding
of the mechanisms that drive these adaptations is still not
fully understood.
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Our current understanding of the regulation of
maternal glucose metabolism during pregnancy

A number of placental hormones contribute to the
changes in maternal insulin sensitivity and secretion, as
reviewed elsewhere (Napso et al. 2018). Briefly, placental
hormones, including placental lactogen (PL), placental
growth hormone (PGH) and progesterone, disrupt
insulin receptor signaling (Beck & Daughaday 1967,
Wada et al. 2010) and, thus, result in a progressive state
of maternal insulin resistance which drives maternal
B-cells to synthesize and secrete more insulin. This
expansion of insulin-producing f-cells coincides with
the onset of PL, PGH and prolactin (PrL) secretion
from the placenta. As PL, PGH and PrL induce B-cell
proliferation and also increase glucose-stimulated insulin
secretion (Brelje et al. 1993, Huang et al. 2009), these
hormones therefore regulate both insulin sensitivity
and secretion (Fig. 2). However, while the mechanisms
underlying the endocrine regulation of insulin receptor
signaling and insulin secretion are clear, circulating
levels of PL and PrL do not correlate with decreased
maternal insulin sensitivity among healthy pregnant
individuals, suggesting the influence of other factors
(Kirwan et al. 2002).

Pregnancy is characterized not only by changes in
endocrine hormones but also in the immune system.
Inflammatory factors secreted by maternal immune
cells and adipose tissue, such as tumour necrosis factor
(TNF) and interleukin (IL)-6, are associated with insulin
resistance during pregnancy (Kirwan et al. 2002, Todoric
etal. 2013). Plasma TNF levels are positively correlated with
insulin resistance in early and late pregnancy, although
the source of this TNF remains unclear. However, in the
context of obesity-related insulin resistance, increased
production of TNF and other inflammatory cytokines from
excess adipose tissue impairs insulin receptor signaling by
promoting serine rather than tyrosine phosphorylation
of the downstream mediator, insulin receptor substrate 1,
via induction of stress kinase (JNK or IKK/NFkB) pathways
(Tanti & Jager 2009). It seems likely that increased TNF
levels may act similarly during pregnancy, but in a non-
pathologicalmanner due to the concomitant, physiological
upregulation of insulin production.

Putative intestinal factors regulating
maternal glucose metabolism

Recent clinical and experimental evidence has
demonstrated that both the intestinal tract and the gut
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Figure 2

Summary of proposed intestinal influences on maternal metabolism. Schematic diagram highlighting the various intestinal pathways that may impact
maternal metabolic adaptations to pregnancy. This includes interaction with placental derived hormones, changes to intestinal nutrient transport, gut
microbial composition, changes to microbially derived metabolites (i.e. SCFAs, Indoles, BAs), gut hormone secretion and bacterial components activating

inflammatory pathways.

microbiota play key roles in metabolic homeostasis in
the non-pregnant state. Although poorly explored in the
context of pregnancy, it is likely that the changes that
are known to occur in intestinal function and microbiota
composition during pregnancy may also contribute to the
maternal metabolic responses to pregnancy.

During pregnancy, increased food intake (hyperphagia)
isaccompanied by structural and functional changes to the
gastrointestinal tract (Pefa-Villalobos et al. 2018). Given
that collection of gastrointestinal tissue from pregnant
individuals is often not feasible, much of what is known
about gut physiology during pregnancy has been obtained
from studies on rodent and sheep models. In rats, intestinal
length and weight increase during pregnancy and peak
by late lactation (Cripps & Williams 1975, Burdett & Reek

1979, Johnson et al. 2019). Similarly, pregnant ewes have
45% heavier small intestines compared to non-pregnant
controls (Fell et al. 1972). The mucosal epithelium, the
main site of nutrient absorption, also increases in weight
by 30-40% in rats ((Burdett & Reek 1979), commensurate
with increased small intestinal villus length at mid-to-late
pregnancy compared to early pregnancy (Sabet Sarvestani
etal. 2015). Together, these adaptations increase the surface
area available for nutrient absorption. Although few studies
to date have specifically measured nutrient transport across
theintestine during pregnancy, increased expression of the
intestinal GLUTS and SGLT1 glucose transporters has been
reported in pregnant rats (Teerapornpuntakit et al. 2014).
Whether pregnancy-related hormones govern
intestinal adaptations to pregnancy is unclear. Few studies
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have investigated the mechanisms underpinning these
intestinal adaptations. One study in non-pregnant rats
treated with PrL demonstrated increased glucose transport
across the intestinal epithelium (Mainoya 1975), but this
stands in contrast to another study that showed decreased
expression of glucose transporters in response to PrL
administration (Charoenphandhu et al. 2008). Some
studies have shown that nutrient absorption is influenced
by a reduction in gastrointestinal transit that occurs in
both human and rodent pregnancy, thereby increasing the
time available for absorption of dietary nutrients (Wald
etal. 1981, Liu et al. 2002). Although the pregnancy-related
hormones progesterone and oxytocin have been reported
to increase gastrointestinal transit time in male rats (Liu
et al. 2002), whether increases in nutrient absorption
support the early anabolic phase of pregnancy metabolism
and/or the increasing energy demands of late pregnancy
(Fig. 2) is still unknown.

Gut hormones and their impacts on metabolism

The intestine is the largest endocrine organ system in the
body, with atleast 15 different cell types, each with aunique
hormone secretion profile. Many of these hormones play
roles in the regulation of intestinal digestion, absorption
and motility (Murphy & Bloom 2006). Some of the key
hormones include serotonin (involved in gut motility,
glucose metabolism) (Kim et al. 2010, Martin et al. 2019),
peptide YY (involved in appetite suppression) (Batterham
& Bloom 2003), and cholecystokinin (involved in
pancreatic enzyme secretion, appetite regulation and gut
motility) (Gibbs et al. 1997, Suzuki et al. 2010). However, of
all the potential endocrine factors that could contribute to
maternal metabolic adaptations to pregnancy, glucagon-
like peptide-1 (GLP-1) is particularly interesting because
of its relationship with the gut microbiota, intestinal
structure and function, and pancreatic insulin synthesis
and secretion. Itsactions on pancreatic -cells, in particular,
make it a compelling putative factor linking pregnancy-
associated changes in gut microbiota, pancreatic f-cell
expansion and maternal glucose regulation.

Glucagon-like peptide 1

GLP-1 has been well studied in its role in maintaining
glucose homeostasis, and its physiology and clinical
applications in non-pregnant subjects have been
reviewed extensively elsewhere (Miiller ef al. 2019). GLP-1
is an incretin; stimulating glucose-dependent insulin
secretion, as well as increasing insulin biosynthesis and,
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at least in rodents, inducing g-cell proliferation. GLP-1
also acts as an indirect stimulator of insulin sensitivity
through its effects on satiety which leads to weight
loss. Studies in subjects with type 2 diabetes mellitus
(T2DM) who have impaired insulin secretion suggest that
decreased GLP-1 secretion and/or action may play a role
in diabetes pathogenesis. As such, GLP-1 receptor agonists
and GLP-1 degradation inhibitors are used therapeutically
to improve insulin secretion in individuals with
T2DM (Meier 2012). There is some evidence that these
therapeutics may be effective in pregnant individuals
with T2DM or GDM; however, they are not currently
recommended due to possible harmful effects on the
developing fetus (Chen et al. 2020). Moreover, it is unclear
whether such changes in GLP-1 contribute to the changes
in maternal insulin secretion and g-cell expansion that
occur during pregnancy (see more below).

GLP-1 is a product of the proglucagon gene (Gcg),
expressed in intestinal L-cells and in a-cells of pancreatic
islets as well as neurons in the caudal brainstem and
hypothalamus (Miiller et al. 2019). Transcription factors
PAX6, CDX2 and CREB regulate the expression of Gcg in
L- and a-cells (Jin 2008). Wnt signaling molecules, GSK-3B
and TCF4, are also involved in regulating transcription
of the Gcg gene (Yi et al. 2005, 2008), and these same
Wnt molecules drive the development of the intestinal
L-cell through gradients in intestinal stem cells during
differentiation. To our knowledge, no studies have
investigated these signaling pathways in the maternal
L-cell during pregnancy, although genetic variants of TCF
proteins (nuclear Wnt pathway components) have been
associated with the development of GDM (Shaat et al.
2007, Reyes-Lopez et al. 2014). But whether Wnt signaling
impairs intestinal secretion of GLP-1 during pregnancies
complicated by GDM is unknown.

Expression of Gcg is regulated not only at the
transcriptional level but also post-translationally. Once
expressed, GCG undergoes tissue-specific cleavage by the
prohormone convertase (PC) enzymes (PC1/3, PC2). PC2
acts primarily in o-cells to generate glucagon, whereas
PC1/3 is expressed in the L-cell and the nervous system.
In the gut, PC1/3 cleavage of GCG liberates GLP-1 in
two bioactive isoforms: GLP-1(7-36)NH,, which makes
up the majority of the secreted GLP-1 and, to a lesser
extent, the equipotent GLP-1(7-37)NH, (Orskov et al.
1993, Dhanvantari et al. 1996). GLP-1 is secreted by the
L-cell in response to nutrient stimuli from the gut lumen,
although L-cells also respond to gut microbial components
and metabolites, as discussed below (Petersen et al. 2014,
Beumer et al. 2018, Lund et al. 2020).
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L-cells are also responsive to insulin (Yi et al. 2008,
Lim et al. 2009); these findings led to the notion of a
feed-forward loop between the L-cell and the $-cell that is
regulated by luminal nutrients and blood glucose levels,
supporting a potential role for GLP-1 as a key factor in
maternal metabolic adaptations to pregnancy. GLP-1
secretion is impaired in obesity and T2DM, and whether
insulin resistance of the L-cell may explain impaired
insulin secretion in these diseases (Verdich et al. 2001) is
unclear; but, given the insulin-resistant state of pregnancy,
itis possible that maternal L-cells may be less responsive to
insulin in pregnancy. This has yet to be investigated.

GLP-1 during pregnancy
Despite the significant changes in insulin secretion and
sensitivity that occur during pregnancy, little is known
of the potential role played by GLP-1 in maternal glucose
metabolism. Some data exist to suggest that GLP-1 levels
rise with advancing gestation (Valsamakis et al. 2010).
Experimental work in mice shows an increase in the
number of GLP-1 producing L-cells in the maternal
intestine at term pregnancy (Moffett et al. 2014), and
the absence of all GCG-derived peptides (in G¢g~/~ mice)
during pregnancy results in decreased maternal insulin
levels (Sugiyama et al. 2012). GLP-1 receptor knockout
mice are unable to increase f-cell mass during pregnancy
compared to WT controls (Moffett et al. 2014) suggesting
that, indeed, there may exist a pregnancy-induced change
in GLP-1 regulation of pancreatic insulin secretion.

Despite this potential role, no studies have investigated
the drivers of increased GLP-1 activity during pregnancy.
Studies in non-pregnant mice have identified a stimulatory
role for progesterone receptor signaling in GLP-1 secretion
(Flock et al. 2013, Zhang et al. 2014) suggesting that
progesterone could elicit GLP-1 secretion, but this has not
beeninvestigatedinhumans. Onehuman study reportsthat
individuals diagnosed with polycystic ovarian syndrome
(PCOS) (and consequently altered sex hormone levels) have
blunted GLP-1 levels in response to a meal - an effect that is
associated with glucose intolerance (Svendsen et al. 2009,
Aydin et al. 2014). Whether estradiol, testosterone, other
sex hormones, or indeed any of the pregnancy-related
hormones directly target intestinal L-cell GLP-1 synthesis
and secretion in humans is not well established. Even less
is understood about how these endocrine stimulators may
facilitate GLP-1 induced changes in the pancreatic f-cell
during pregnancy.

Several studies exist to suggest that GLP-1 plays no
role in pregnancy-related changes in insulin secretion,
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reporting both no changes in fasting plasma GLP-1 levels
(Bonde et al. 2013) and a diminished GLP-1 response to
glucose during the third-trimester compared to post-
partum (where post-partum measures were a proxy for
the ‘non-pregnant’) (Hornnes et al. 1981). However,
many limitations confound investigations of GLP-1 and
pregnancy. Data are limited by measuring GLP-1 in the
circulation, which does not reflect L-cell secretion of
GLP-1. This is important because GLP-1 can act locally,
within the gut, to stimulate the gut-pancreatic-
neural axis (Waget ef al. 2011). Richer data sets are
needed, with larger samples sizes, and more controlled
experimental designs that include both pregnant and
true non-pregnant subjects, rather than post-partum
proxy measures, as the post-partum period is another
time of great change in maternal metabolism (Stuebe &
Rich-Edwards 2009).

Furthermore, while the vast majority of GLP-1 is
produced by L-cells in the intestine, moderate increases
in intra-islet GLP-1 production in the pancreas have been
reported in the context of increased metabolic demand
such as in the prediabetic and diabetic states, as well as
during pregnancy (Kilimnik et al. 2010, Moffett et al. 2014).
This intra-islet GLP-1 likely acts in an autocrine/paracrine
manner and therefore would not affect circulating GLP-1
levels (Panaro et al. 2020). Nevertheless, one must consider
not only when, but also where samples are collected and
what they represent. Indeed, once secreted, GLP-1 has a
very short half-life in circulation and is rapidly degraded
by dipeptidyl peptidase IV (DPP IV, a serine protease),
into the inactive forms GLP-1(9-36)NH, and GLP-1(9-37)
NH, (Kieffer et al. 1995). To our knowledge, DPP IV levels
have not been measured in the maternal circulation
during pregnancy. DPP IV has, however, been detected
in syncytiotrophoblast-derived extracellular vesicles
(STB-EV) which are released from the placenta into the
maternal circulation. These DPP IV-positive STB-EVs are
increased in pregnancies complicated by GDM (Kandzija
et al. 2019), suggesting that the metabolic challenge
of gestational diabetes affects the circulating levels of
GLP-1. Nonetheless, despite gaps in our understanding of
the mechanism(s), it appears likely that GLP-1 presents
a novel factor that contributes to pregnancy-induced
changes in maternal glucose metabolism. Future studies
investigating GLP-1 action on insulin secretion in
pregnancy should consider the dynamics of secretion and
degradation in determining GLP-1 levels, as well as the
resultant activity of the GLP-1 receptor in the main target,
the maternal pancreatic -cell.
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Microbial impacts on host metabolism

Intestinal nutrient digestion and absorption are assisted by
a community of microorganisms present in the intestine
that ferment otherwise non-digestible dietary components
(Oliphant & Allen-Vercoe 2019). Consisting of trillions
of microbes that have a mutualistic relationship with
the host, these organisms are collectively referred to as
the microbiota. It has long been recognized that the gut
microbiota and their genetic and metabolic material -
the microbiome - regulate a wide array of physiological
systems (Rajili¢-Stojanovi¢ & de Vos 2014). Recent studies
have only just begun to uncover the relationships between
these communities and human health and disease and,
in particular, their roles in nervous and immunological
development and function, as well as metabolism
(Tremaroli & Bidckhed 2012, Burcelin 2016, Dinan &
Cryan 2017).

Investigation of the relationship between gut
microbiota and host metabolic development and function
has been facilitated by the use of germ-free (GF) mice that
lack all microbial communities. The absence of the gut
microbiota in these mice results in a leaner phenotype
(Backhed et al. 2004), in association with a decreased
ability to absorb energy from the gut (Turnbaugh et al.
2006), and decreased fat storage (Backhed et al. 2004).
When challenged with a high-fat diet, GF mice also have
greater insulin sensitivity and glucose clearance compared
to conventionally-raised, specific pathogen-free (SPF)
mice (Rabot et al. 2010). Furthermore, when GF mice are
colonized with microbiota from SPF mice, these new
‘conventionalized-GF mice display increased adiposity
and insulin secretion (Backhed et al. 2004), further
indicating that, indeed, the gut microbiota contribute to
host metabolism and may be associated with metabolic
dysfunction.

In humans, a number of metabolic disorders including
obesity and T2DM have been associated with an altered
or ‘dysbiotic’ gut microbial composition (Ley et al. 2006,
Larsen et al. 2010, Wu et al. 2017). In particular, decreased
alpha (within sample) and beta (between samples) bacterial
diversity appear associated with metabolic impairments
(Ley et al. 2005).

Pregnancy-related changes in gut microbes and their
function

In light of known associations between host metabolism
and gut microbial composition in the non-pregnant state,
anumber of studies have also examined these relationships
in pregnancy. Reports that the composition of the gut
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microbiota changes over the course of pregnancy exist,
but these require confirmation (Table 1). In their seminal
study, Koren et al. demonstrated decreased alpha diversity
(which has been previously associated with metabolic
impairments) in third-trimester maternal fecal samples
compared with the first trimester; additionally, the relative
abundance of Proteobacteria and Actinobacteria phyla was
increased and the Faecalibacterium genus was decreased in
thethird-trimester (Koren etal. 2012). Higher Proteobacteria
and decreased Faecalibacterium have been associated with a
number of metabolic and inflammatory disorders due to a
reduction in the production of beneficial metabolites (see
below) (Qin et al. 2012, Chassaing et al. 2015). In a separate
study, Clostridium histolyticum, Akkermansia muciniphila
and Bifidobacterium were increased in third-trimester
samples (Collado et al. 2008, Nuriel-Ohayon et al. 2019).
Changes in the composition of the gut microbiota over
the course of pregnancy have also been reported in mouse
models, notably increases in the Akkermansia, Clostridium,
Bacteroides and Bifidobacterium genera have been observed
not only at the onset of pregnancy but throughout the
course of gestation (Gohir et al. 2019, Nuriel-Ohayon
et al. 2019). Decreased abundance of the Firmicutes and
Tenericutes phyla have also been reported (Gohir et al.
2019). While it is difficult to associate changes to specific
taxa with function due to the redundancy of the gut
microbiota, there are a number of established metrics of
‘dysbiotic’ or ‘unhealthy’ microbiota, such as the ratio
of Bacteroidetes to Firmicutes (positive correlation with
glucose tolerance) (Ley et al. 2005). Interestingly, the
changes in these taxa are similar to those seen in non-
pregnant individuals with obesity and T2DM and may,
therefore, represent a similar microbial phenotype whether
physiologically during pregnancy or in disease states (Pitlik
& Koren 2017).

But while these studies have observed clear shifts in
microbial composition with advancing gestation, others
have found only weak correlations (Table 1). Such studies
showed that fecal microbiota in individuals over the
course of pregnancy and post-partum showed no changes
to overall community structures (DiGiulio et al. 2015) but
demonstrated alterations in the abundance of specific
taxa (Yang et al. 2020, Qin et al. 2021). Differences in
the participant population, the timing of sampling, the
sequencing methods, and analyses likely all contribute to
the variable results, since established protocols are only just
emerging in perinatal microbial analyses (Theis et al. 2019,
Kennedy et al. 2021). Robust and in-depth investigations
are required to determine whether gestational age-related
changes in maternal intestinal microbial composition
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actually occur. If changes in composition do occur over the
course of pregnancy, further investigation into whether
these result in altered function is also required. Indeed,
Yang et al. recently found that, despite seeing significant
relationships between the abundance of specific taxa
and gestational age, the microbial composition was more
strongly associated with individual characteristics (i.e. BMI,
gestational weight gain, pregnancy-related diseases) than
with gestational age (Yang et al. 2020). Whether individual
host characteristics drive microbial composition and/or
changes to composition functionally contribute to host
physiology in pregnancy is unclear; however, it is likely
that both variables will have a significant impact (Kovacs
etal. 2011, Jena et al. 2017).

While the mechanisms underpinning changes in gut
microbial composition during pregnancy remain unclear
and, indeed, whether functional outputs of these shifts
are meaningful, some experimental data suggest that sex
hormones may be formidable contributors to microbiota
variability. In mice, males and females have distinct gut
microbiota after the onset of puberty (Markle et al. 2013,
Steegenga et al. 2014, Kaliannan et al. 2018). Since the levels
of both estrogen and progesterone are greatly increased
during pregnancy, it is likely that these hormones also
influence pregnancy gut microbial composition. Indeed,
these hormones have been associated with changes in
diversity and the growth of specific taxa (in particular,
species of the Bifidobacterium and Bacteroides genera) in
both non-pregnant and pregnant models (Kornman &
Loesche 1982, Nuriel-Ohayon et al. 2019, Mallott et al.
2020). Conditions of hormonal imbalance, including
PCOS or primary ovarian insufficiency, have been linked
to alterations in gut microbiota and are associated with
metabolic impairments (Tremellen & Pearce 2012, Wu
et al. 2021). Furthermore, the gut microbiota is altered in
non-pregnant mice that lack estrogen receptor § compared
to WT mice (Menon et al. 2013). This host endocrine-
microbe relationship may also be bidirectional; inactive
estrogen metabolites that are excreted in the bile can be
reactivated by gut bacteria, which can then be reabsorbed
into circulation, affecting their bioavailability (Flores et al.
2012). This may represent a unique pathway by which the
intestine plays a role in maternal metabolic adaptations
to pregnancy, through alterations in the microbiota that
affect the bioavailability of estrogens. Endocrine control
of gut microbial composition is thus likely to play a role
in pregnancy, given the dynamic changes that occur in
hormone levels and may, therefore, have effects on overall
metabolism both directly (as mentioned previously in this
review) and indirectly through the gut microbiota (Fig. 2).
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Bacterial metabolites as drivers of metabolic change
The first evidence that the maternal gut microbiota may
directly contribute to maternal metabolic adaptations
was obtained in GF mice that were colonized with the
microbiota from third-trimester pregnant individuals.
These mice had increased body fat deposition and
decreased insulin sensitivity compared to mice colonized
with first trimester microbiota (Koren et al. 2012). This is
consistent with data in mice colonized with feces from
obese and diabetic individuals (Ridaura et al. 2013). How
this occurs is unclear but likely occurs either through
bacterial components, bacterial products or bacterial
metabolites.

Gut microbiota exert many of their effects on the host
via bacterial components (Kikuchi et al. 2018, Solito et al.
2021). The paracellular movement of live bacteria and/or
their components through an impaired intestinal barrier
has been suggested to contribute to T2DM- and obesity-
related insulin resistance; a state referred to as metabolic
endotoxemia (Cani et al. 2007). This process is facilitated
by components of the bacterial membrane, including
lipopolysaccharides (LPS) and peptidoglycan, that bind
to innate immune sensors, toll-like receptor 4 (TLR4) and
nucleotide-binding oligomerization domain-containing
protein 1, respectively, resulting in disruption of insulin
receptor signaling. These sensors also stimulate the
production of inflammatory cytokines such as TNF and
IL-6 that, in turn, can also impair insulin receptor signaling
(Schertzer et al. 2011). Although it is unclear whether the
changes in insulin action during pregnancy are facilitated
by similar mechanisms, increased gut permeability has
been observed during pregnancy (Gohir et al. 2019) (Fig.
2) and, therefore, this pathway could also operate during
pregnancy.

Bacteria also produce metabolites that are beneficial
to health (Fig. 2), including the fermentation of non-
digestible carbohydrates into short-chain fatty acids
(SCFA), the processing of bile acids (BA) into secondary
BAs, and the unique processing of amino acids such
as tryptophan into indole compounds. The most well
studied are bacterial SCFAs; SCFAs can be used directly by
the host for energy, act as substrates for gluconeogenesis
and lipogenesis, and bind receptors present in numerous
organ systems (Tan et al. 2014). Activation of SCFA
receptors (GPR42, GPR43 and GPR109a) has been
implicated in many metabolic processes including energy
harvest, adipose and skeletal muscle function, and
insulin sensitivity and secretion, as well as gut hormone
production including GLP-1 (Koh et al. 2016). In rodents,
the administration of SCFA (in particular, butyrate)
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prevents diet-induced obesity and the development
of diabetes by improving glucose control and insulin
sensitivity (Gao 2009). Long-term dietary
interventions in humans are inconclusive, but some have
demonstrated insulin-sensitizing effects of SCFA (Bouter
etal. 2018).

Although still a developing field, studies have begun
investigating the role of SCFAs in maternal metabolism
during pregnancy. In mice, the concentration of SCFAs in
cecal contents and plasma are not different between non-
pregnant and pregnant mice, but the ratios of different
SCFAs are significantly altered, with higher proportions
of acetate and propionate, and a lower proportion of
lactate, in pregnant mice (Fuller ef al. 2015). Increased
propionate is consistent with observed increases in
gluconeogenesis during pregnancy, as propionate is
known to be gluconeogenic (den Besten et al. 2013). Altered
SCFA proportions can also affect receptor activation. The
SCFA receptors, GPR41 and GPR43, are expressed on
L-cells on both the luminal and basolateral membranes,
and GLP-1 secretion is stimulated by acetate, propionate
and butyrate (Lin et al. 2012, Tolhurst et al. 2012, Yadav
et al. 2013). This presents an interesting hypothesis that
microbial metabolite-induced changes in gut hormone
production could influence insulin secretion during
pregnancy. Indeed, studies in pregnant individuals and
their newborns have shown negative correlations between
serum propionate and acetate levels with maternal weight
gain, maternal glucose and hormone levels (including
insulin), and neonatal weight (Priyadarshini et al. 2014,
Szczuko et al. 2020), potentially implicating SCFA-induced
changes in host metabolic function perhaps through GLP-
1. When the SCFA receptor Ffar2 (GPR43) is knocked out,
pregnant mice are unable to produce adequate levels of
insulin (Fuller et al. 2015). Whether this was due to changes
in GLP-1 was not investigated but, in non-pregnant obese
mice, it has been proposed that SCFA-mediated GLP-1
secretion may be involved in the insulin-sensitizing and
glucose-lowering effects of butyrate (Yadav et al. 2013).

Insulin sensitivity and secretion are also influenced
by the bacterial metabolism of bile acids, although this
relationship is less studied than that of SCFAs. Primary
BAs are produced and secreted by the liver into the upper
intestine and can be reabsorbed (acting as a negative
feedback loop on BA production), or deconjugated by
microbial enzymes into secondary BA(Ahmad & Haeusler
2019). BA receptors (FXR and TGRS) are present in the
liver, intestine and islets and are able to regulate glucose
metabolism by altering glucose absorption in the gut and

et al.
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increasing insulin secretion from the f-cells (Ahmad &
Haeusler 2019). The FXR receptor has a higher affinity for
primary BA, while TGRS has a higher affinity for secondary
BA; thus, the composition of BA both in the intestine and
in the circulation can greatly affect receptor activation and
downstream activity (Kawamata et al. 2003, Kalaany &
Mangelsdorf 2006). In the context of obesity and T2DM, BA
composition is altered and has been suggested to contribute
to insulin resistance (Haeusler et al. 2013). Secondary BA
receptors are present on intestinal enteroendocrine cells
where they promote the secretion of intestinal hormones
(Tolhurst et al. 2012, Brighton et al. 2015); indeed, BAs are
well-known stimulants of GLP-1 through TGRS receptors
on L-cells (Katsuma et al. 2005, Brighton et al. 2015).
Increased serum BAs have been observed during pregnancy,
as well as increased microbial deconjugation of primary
BAs to secondary BAs, resulting in a higher proportion of
secondary BAs (Ovadia et al. 2019). No studies to date have
investigated whether increased maternal secondary BA
levels are associated with changes in GLP-1. Alternatively,
increased secondary BAs could alter maternal glucose
metabolism directly at the level of the pancreas, activating
TGRS receptors on the g-cell to increase insulin secretion
during pregnancy, although this has not been investigated.

In addition to SCFAs and BAs, other bacterial
components and products modulate L-cell function
and GLP-1 secretion. The major component of the outer
membrane of Gram-negative bacteria, LPS, stimulates the
expression of both Gc¢g and Pcsk1 (which encodes for the
prohormone processing enzyme PC1/3) as well as GLP-1
secretion, in a TLR4-dependent manner, both in vitro
and in vivo in rodents and humans (Nguyen et al. 2014,
Lebrun et al. 2017). In contrast, chronic exposure to the
proinflammatory cytokine TNF has been found to suppress
both Gcg expression and GLP-1 secretion (Gagnon et al.
2015). Other less studied microbial metabolites have
also been demonstrated to stimulate GLP-1 production
including indoles, a product of tryptophan metabolism
(Chimerel et al. 2014); a bacterial cytolytic peptide Hld
(Tomaro-Duchesneau et al. 2020); and other specific
bacterial components that act in a similar manner (Yoon
et al. 2021). Given the wide-reaching effects of bacterial
components, products and metabolites it is clear that
a number of bacterial-associated factors may be key
effectors of gut microbial influence on host metabolism.
Whether these factors act similarly in the context of
maternal metabolic adaptations that occur during
pregnancy is, as of yet, completely unknown and warrants
further investigation.
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Clinical relevance

Because intestinal adaptations during pregnancy are likely
necessary for appropriate maternal metabolic function,
the intestine may provide not only a point of intervention
but may also be a source of biomarkers when considering
diagnosis, prevention and treatment of poor maternal
and fetal outcomes. Although a number of risk factors are
used clinically to assist in identifying individuals at risk of
pregnancy-associated metabolic complications, specific
biomarkers that can parse out individuals that need
increased support vs specific pharmacological intervention
strategies, are critical in improving maternal and fetal
health and well-being.

In Canada, about one-third of individuals entering
pregnancy are overweight or obese (Dzakpasu et al. 2014),
with 16.9% of live births being complicated by maternal
hyperglycemia worldwide (https://www.diabetesatlas.org).
Obesity is characterized as a BMI greater than 30 kg/m?
with systemic low-grade inflammation and is often
accompanied by metabolic dysfunction and insulin
resistance (Després & Lemieux 2006). The change in insulin
sensitivity that occurs from pre-gravid to early pregnancy
is inversely correlated to maternal weight and pre-gravid
insulin sensitivity, suggesting an impaired ability to
metabolically adapt to pregnancy in obese women, and
increasing their risk for GDM (Catalano & Ehrenberg 2006).
As a result, the physiological decrease in insulin sensitivity
that normally occurs during pregnancy acts as a catalyst,
putting obese individuals at higher risk of developing GDM.
Maternal obesity, with or without GDM, is associated with
poor maternal metabolic adaptations, due to impaired pre-
gravid insulin sensitivity and/or impaired insulin secretion
during pregnancy (Alvarado et al. 2021). Furthermore,
GDM is associated with an increased risk to the mother
of developing T2DM later in life, as well as increased risk
of metabolic disease in the offspring, heightening the
need to manage GDM (Damm et al. 2016). While GDM
is used as a clinical diagnosis, it has been proposed that
maternal glucose control should be viewed as a continuous
spectrum, whereby the degree of glucose intolerance is also
related to negative outcomes (Hyperglycemia and Adverse
Pregnancy Outcome studies (Scholtens et al. 2019)). The
extent to which the maternal intestine regulates poor
maternal metabolic adaptation under these circumstances
is unclear; however, this notion is gaining interest, given
the increasing evidence of the involvement of the gut in
metabolic disorders in the non-pregnant state.

Obesity and T2DM have been associated with dysbiotic
gut microbiota in non-pregnant individuals and, more
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recently, in cases of maternal obesity and GDM. Several
studies have identified a gut microbial signature associated
with an obese pregnancy, in mouse models (Vrieze et al.
2014, Gohir et al. 2019, Wallace et al. 2019) (Table 2). Given
that obesity is a risk factor for GDM, many of the same
signatures also appear to be associated with GDM, although
it is difficult to completely separate the two conditions, as
many individuals who develop GDM are also overweight
or obese. Lower microbial richness and diversity are
observed in individuals with, or who later develop, GDM
compared to normoglycemic women (Kuang et al. 2017,
Cortezetal. 2019, Ma et al. 2020), although these results are
confounded by high BMI in individuals with GDM. Fecal
microbiota from overweight and obese pregnant women in
their third-trimester demonstrate an increased abundance
of Staphylococcus aureus compared to lean pregnant
women (Collado et al. 2008). Studies in mice have also
shown increased Akkermansia muciniphila and decreased
Ruminoccaceae in fecal microbiota from pregnant mice fed
a high-fatdiet (Gohir et al. 2019, Wallace et al. 2019). Several
independent studies also found that genera belonging to
the family Ruminococcaceae were significantly decreased
in overweight and obese individuals who eventually
developed GDM (Crusell et al. 2018, Ma et al. 2020).
Ruminocaccaceae were also negatively correlated with
maternal fasting blood glucose measures, although
these changes were no longer observed when the data
were adjusted for BMI (Ma et al. 2020). Ruminococcaceae
species are known to be SCFA producers and have also
been associated with improved carbohydrate metabolism
and lower long-term weight gain (Menni et al. 2017). An
interesting study by Ye et al. further demonstrated that
individuals with GDM could be categorized into those in
whom lifestyle modifications were able to control glycemia,
vs those in whom lifestyle modifications were ineffective
based solely on their gut microbiota (Ye et al. 2019). These
data highlight the complexity of glucose control and
risk factors for GDM such as obesity, with the emerging
data suggesting that the gut microbiota likely play a role;
whether this is a direct or indirect role is unknown.

While alterations in the abundance of specific taxa
may provide us with an idea of what a ‘healthy’ gut
microbiota during pregnancy looks like, it is unclear
whether changes to the gut microbial composition are
causal or are a symptom of the disease. To our knowledge,
only one study has demonstrated that the composition
of the microbiota can recapitulate phenotypes associated
with GDM, wherein GF mice colonized with microbiota
from a pregnant person diagnosed with GDM were found
to be hyperglycemic, compared to those colonized with
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microbiota from a normoglycemic pregnant individual
(Liu et al. 2020). Taken together, these data suggest that the
microbial composition is altered in pregnancies that are
complicated by metabolic disorders and may contribute
to disease pathogenesis; however, the mechanisms that
drive this relationship remain unknown. Given our
knowledge of the beneficial effects of SCFAs in contexts
outside of pregnancy, a reduction in SCFA producers (such
as Ruminococcaceae species) may be one mechanism by
which the microbiota participates in GDM pathogenesis,
and could be an avenue of study and, potentially,
intervention. Furthermore, while much of the host-
microbe literature considers a ‘dysbiotic’ microbiota to be
disease associated, changes to microbial communities in
pregnancy may be a healthy adaptation that is necessary
for maternal adaptations. A longitudinal study of gut
microbial changes during healthy pregnancies and those
complicated by obesity/GDM is necessary to understand
how the maternal microbiota changes over time and how
it responds to different metabolic pressures.

While there is currently limited evidence describing
mechanisms that underpin the gut microbial influence on
GDM pathogenesis, some studies have begun to investigate
whether microbial interventions can be used to prevent
or treat GDM. Despite the many clinical trials that have
probed the use of probiotics for a variety of different disease
states, there are few data to suggest a mechanism of action
and most studies have been predominantly speculative.
Indeed, to our knowledge, the largest trial addressing this is
the Study of Probiotics in Gestation (SPRING) trial, which
included 411 overweight or obese pregnant individuals and
concluded that probiotics were not effective in preventing
GDM (Callaway et al. 2019). Notwithstanding, the use of
probioticsis growing widely in popularity, including before,
during and after pregnancy, although their effectiveness in
preventing negative perinatal outcomes is unclear (Jarde
et al. 2018, Amirpour et al. 2020, Lopez-Tello et al. 2021).
Furthermore, caution is warranted; a recent Cochrane
systematic review suggests that probiotics used for the
treatment of GDM may increase the risk of pre-eclampsia
compared to placebo (RR 1.85) and may also increase
the risk of hypertensive disorders of pregnancy (RR 1.39)
(Davidson et al. 2021). Pre-eclampsia is also associated with
an altered gut microbiota (Miao et al. 2021). Nonetheless,
the authors concluded, given the risk of harm and little
observed benefit, that current trials proceed with caution.

The ultimate goal of GDM treatment is to manage
hyperglycemia in order to protect both the mother and
the fetus from adverse outcomes later in life. While it is
unclear whether any microbial interventions will do this,
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incretin-based therapies are extensively used for the
treatment of hyperglycemic disorders such as T2DM but
may not be safe or effective for use in pregnancy. Little is
known of the role of GLP-1 in increasing insulin secretion
in a healthy pregnancy, and even less so in pregnancies
complicated by obesity and GDM. Fasting and glucose-
stimulated levels of GLP-1 increased over the course of
pregnancy in normoglycemic women; however, women
with GDM had decreased levels of GLP-1 throughout
gestation (Lencioni et al. 2011, Sukumar et al. 2018, Mosavat
et al. 2020). Meanwhile, others have suggested that GLP-1
plays little role in GDM pathogenesis (Hornnes et al. 1981,
Cypryk et al. 2007). Since a link between SCFAs, BAs and
GLP-1 secretion exists, microbial interventions may very
well also act to improve GLP-1 levels in GDM, although
this has not been investigated.

Conclusions and future directions

Evidence from studies investigating metabolic dysfunction
in the non-pregnant state has provided a wealth of
knowledge about the role of the intestine in whole-body
metabolism. However, there is a lack of data describing
these pathways during pregnancy. The intestine is a new
avenue of investigation to understand how maternal
metabolic adaptations are initiated and regulated. As
described in this review, a number of studies have emerged
investigating changes in gut microbiota during pregnancy.
Future studies should shift their focus from identifying
changes in gut microbial composition during pregnancy
to understanding whether these compositional changes
have functional impacts
Specifically, do the gut microbiota contribute to normal
pregnancy-related metabolism and/or do alterations in
gut microbial composition during pregnancy contribute
to pregnancy-related complications? Further, it is known
that inadequate maternal metabolic adaptations can result
in pregnancy complications including GDM. The current
standard of care for individuals with GDM or T2DM during
pregnancy includes lifestyle interventions as well as insulin
or metformin therapy (American Diabetes Association
2020). However, insulin and metformin are unable to
mitigate the negative effects of GDM on the offspring
(Barbour et al. 2018, Hanem et al. 2019, Zhu et al. 2019). The
growing popularity of gut health has accelerated the use of
probiotics and other microbial interventions, including
during pregnancy, although our limited understanding
of the intestine and the gut microbiota during pregnancy
prevents us from knowing whether these interventions

on maternal metabolism.
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are safe and effective. It is also unclear whether GLP-1-
related interventions would be effective in GDM as our
understanding of the role of GLP-1 and DPP IV during
pregnancy is limited. Additional studies are needed to
measure GLP-1 activity during pregnancy taking into
account DPPIV-mediated degradation and intra-islet
secretion.

Further studies of intestinal mechanisms regulating
pregnancy-associated changes
sensitivity and secretion are required, in order for us to
make well-informed, evidence-based decisions to intervene
and mitigate the impacts of maternal disease states, such as
obesity and GDM, on glucose metabolism.

in maternal insulin

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of this review.

Funding

E Y is supported Farncombe Family Digestive Health Research Institute
Student Fellowship and Ontario Graduate Fellowship. P L B is supported
by a Tier 1 Canada Research Chair in Vascular and Metabolic Biology.
D M S is supported by a Tier 2 Canada Research Chair in Perinatal
Programming.

Author contribution statement

E Y wrote the manuscript and compiled the figures. P L B and D M S edited
and wrote the manuscript. All authors have reviewed and approved this
manuscript.

Acknowledgement
Figures 1 and 2 were created with BioRender.com.

References

Ahmad TR & Haeusler RA 2019 Bile acids in glucose metabolism and
insulin signalling - mechanisms and research needs. Nature
Reviews: Endocrinology 15 701-712. (https://doi.org/10.1038/s41574-
019-0266-7)

Alvarado FL, O’Tierney-Ginn P & Catalano P 2021 Contribution of
gestational weight gain on maternal glucose metabolism in women
with GDM and normal glucose tolerance. Journal of the Endocrine Society
5 bvaal95. (https://doi.org/10.1210/jendso/bvaal95)

American Diabetes Association 2020 14. Management of diabetes in
pregnancy: standards of medical care in diabetes-2020. Diabetes Care 43
$183-S192. (https://doi.org/10.2337/dc20-5014)

Amirpour M, Fanaei H, Karajibani M, Montazerifar F & Dashipour A
2020 Beneficial effect of symbiotic supplementation during
pregnancy in high fat diet-induced metabolic disorder in rats: role

of chemerin. Obesity Medicine 19 100247.. (https://doi.org/10.1016/j.
obmed.2020.100247)

Aydin K, Arusoglu G, Koksal G, Cinar N, Aksoy DY & Yildiz BO 2014 Fasting
and post-prandial glucagon like peptide 1 and oral contraception in
polycystic ovary syndrome. Clinical Endocrinology 81 588-592. (https://
doi.org/10.1111/cen.12468)

Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF
& Gordon JI 2004 The gut microbiota as an environmental factor that
regulates fat storage. PNAS 101 15718-15723. (https://doi.org/10.1073/
pnas.0407076101)

Barbour LA, Scifres C, Valent AM, Friedman JE, Buchanan TA, Coustan D,
Aagaard K, Thornburg KL, Catalano PM, Galan HL, et al. 2018 A
cautionary response to SMFM statement: pharmacological treatment of
gestational diabetes. American Journal of Obstetrics and Gynecology 219
367.e1-e367.e7. (https://doi.org/10.1016/j.ajog.2018.06.013)

Batterham RL & Bloom SR 2003 The gut hormone peptide YY regulates
appetite. Annals of the New York Academy of Sciences 994 162-168.
(https://doi.org/10.1111/j.1749-6632.2003.tb03176.x)

Beamish CA, Zhang L, Szlapinski SK, Strutt BJ & Hill DJ 2017 An increase in
immature @-cells lacking Glut2 precedes the expansion of g-cell mass in
the pregnant mouse. PLoS ONE 12 e0182256. (https://doi.org/10.1371/
journal.pone.0182256)

Beck P & Daughaday WH 1967 Human placental lactogen: studies of its
acute metabolic effects and disposition in normal man. Journal of
Clinical Investigation 46 103-110. (https://doi.org/10.1172/JCI105503)

Beumer J, Artegiani B, Post Y, Reimann F, Gribble F, Nguyen TN, Zeng H,
Van den Born M, Van Es JH & Clevers H 2018 Enteroendocrine cells
switch hormone expression along the crypt-to-villus BMP signalling
gradient. Nature Cell Biology 20 909-916. (https://doi.org/10.1038/
541556-018-0143-y)

Bonde L, Vilsbell T, Nielsen T, Bagger JI, Svare JA, Holst JJ, Larsen S &

Knop FK 2013 Reduced postprandial GLP-1 responses in women with
gestational diabetes mellitus. Diabetes, Obesity and Metabolism 15
713-720. (https://doi.org/10.1111/dom.12082)

Bouter K, Bakker GJ, Levin E, Hartstra AV, Kootte RS, Udayappan SD,
Katiraei S, Bahler L, Gilijamse PW, Tremaroli V, et al. 2018 Differential
metabolic effects of oral butyrate treatment in lean versus metabolic
syndrome subjects. Clinical and Translational Gastroenterology 9 155.
(https://doi.org/10.1038/541424-018-0025-4)

Brelje TC, Scharp DW, Lacy PE, Ogren L, Talamantes F, Robertson M,
Friesen HG & Sorenson RL 1993 Effect of homologous placental
lactogens, prolactins, and growth hormones on islet B-cell
division and insulin secretion in rat, mouse, and human islets:
implication for placental lactogen regulation of islet function during
pregnancy. Endocrinology 132 879-887. (https://doi.org/10.1210/
endo.132.2.8425500)

Brighton CA, Rievaj J, Kuhre RE, Glass LL, Schoonjans K, Holst JJ, Gribble FM
& Reimann F 2015 Bile acids trigger GLP-1 release predominantly by
accessing basolaterally located G protein-coupled bile acid receptors.
Endocrinology 156 3961-3970. (https://doi.org/10.1210/en.2015-1321)

Buchanan TA 2001 Pancreatic B-cell defects in gestational diabetes:
implications for the pathogenesis and prevention of type 2 diabetes.
Journal of Clinical Endocrinology and Metabolism 86 989-993. (https://
doi.org/10.1210/jcem.86.3.7339)

Burcelin R 2016 Gut microbiota and immune crosstalk in metabolic
disease. Molecular Metabolism 5 771-781. (https://doi.org/10.1016/j.
molmet.2016.05.016)

Burdett K & Reek C 1979 Adaptation of the small intestine during
pregnancy and lactation in the rat. Biochemical Journal 184 245-251.
(https://doi.org/10.1042/bj1840245)

Butler AE, Cao-Minh L, Galasso R, Rizza RA, Corradin A, Cobelli C &
Butler PC 2010 Adaptive changes in pancreatic beta cell fractional area
and beta cell turnover in human pregnancy. Diabetologia 53 2167-2176.
(https://doi.org/10.1007/s00125-010-1809-6)

Callaway LK, McIntyre HD, Barrett HL, Foxcroft K, Tremellen A,

Lingwood BE, Tobin JM, Wilkinson S, Kothari A, Morrison M, et al.

© 2022 The authors
Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-21-0354

This work is licensed under a Creative Commons
Attribution 4.0 International License.

@O


https://doi.org/10.1038/s41574-019-0266-7
https://doi.org/10.1038/s41574-019-0266-7
https://doi.org/10.1210/jendso/bvaa195
https://doi.org/10.2337/dc20-S014
https://doi.org/10.1016/j.obmed.2020.100247
https://doi.org/10.1016/j.obmed.2020.100247
https://doi.org/10.1111/cen.12468
https://doi.org/10.1111/cen.12468
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1016/j.ajog.2018.06.013
https://doi.org/10.1111/j.1749-6632.2003.tb03176.x
https://doi.org/10.1371/journal.pone.0182256
https://doi.org/10.1371/journal.pone.0182256
https://doi.org/10.1172/JCI105503
https://doi.org/10.1038/s41556-018-0143-y
https://doi.org/10.1038/s41556-018-0143-y
https://doi.org/10.1111/dom.12082
https://doi.org/10.1038/s41424-018-0025-4
https://doi.org/10.1210/endo.132.2.8425500
https://doi.org/10.1210/endo.132.2.8425500
https://doi.org/10.1210/en.2015-1321
https://doi.org/10.1210/jcem.86.3.7339
https://doi.org/10.1210/jcem.86.3.7339
https://doi.org/10.1016/j.molmet.2016.05.016
https://doi.org/10.1016/j.molmet.2016.05.016
https://doi.org/10.1042/bj1840245
https://doi.org/10.1007/s00125-010-1809-6
https://doi.org/10.1530/JOE-21-0354
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of E Yeo et al.

Endocrinology

2019 Probiotics for the prevention of gestational diabetes mellitus in
overweight and obese women: findings from the SPRING double-blind
randomized controlled trial. Diabetes Care 42 364-371. (https://doi.
01g/10.2337/dc18-2248)

Cani PD, Amar ], Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck AM,
Fava F, Tuohy KM, Chabo C, et al. 2007 Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes 56 1761-1772. (https://doi.
0rg/10.2337/db06-1491)

Catalano PM & Ehrenberg HM 2006 Review article: the short- and
long-term implications of maternal obesity on the mother and
her offspring. BJOG 113 1126-1133. (https://doi.org/10.1111/j.1471-
0528.2006.00989.x)

Catalano PM, Tyzbir ED, Roman NM, Amini SB & Sims EAH 1991
Longitudinal changes in insulin release and insulin resistance
in nonobese pregnant women. American Journal of Obstetrics
and Gynecology 165 1667-1672. (https://doi.org/10.1016/0002-
9378(91)90012-g)

Charoenphandhu N, Wongdee K, Teerapornpuntakit J, Thongchote K &
Krishnamra N 2008 Transcriptome responses of duodenal epithelial
cells to prolactin in pituitary-grafted rats. Molecular and Cellular
Endocrinology 296 41-52. (https://doi.org/10.1016/j.mce.2008.09.025)

Chassaing B, Koren O, Goodrich JK, Poole AC, Srinivasan S, Ley RE &
Gewirtz AT 2015 Dietary emulsifiers impact the mouse gut microbiota
promoting colitis and metabolic syndrome. Nature 519 92-96. (https://
doi.org/10.1038/nature14232)

Chen C, Huang Y, Dong G, Zeng Y & Zhou Z 2020 The effect of dipeptidyl
peptidase-4 inhibitor and glucagon-like peptide-1 receptor agonist
in gestational diabetes mellitus: a systematic review. Gynecological
Endocrinology 36 375-380. (https://doi.org/10.1080/09513590.2019.17
03943)

Chen F, GanY, Li Y, He W, Wu W, Wang K & Li Q 2021 Association
of gestational diabetes mellitus with changes in gut microbiota
composition at the species level. BMC Microbiology 21 147. (https://doi.
01g/10.1186/512866-021-02207-0)

Chimerel C, Emery E, Summers DK, Keyser U, Gribble FM & Reimann F
2014 Bacterial metabolite indole modulates incretin secretion from
intestinal enteroendocrine L cells. Cell Reports 9 1202-1208. (https://
doi.org/10.1016/j.celrep.2014.10.032)

Collado MC, Isolauri E, Laitinen K & Salminen S 2008 Distinct
composition of gut microbiota during pregnancy in overweight
and normal-weight women. American Journal of Clinical Nutrition 88
894-899. (https://doi.org/10.1093/ajcn/88.4.894)

Cortez RV, Taddei CR, Sparvoli LG, Angelo AGS, Padilha M, Mattar R &
Daher S 2019 Microbiome and its relation to gestational diabetes.
Endocrine 64 254-264. (https://doi.org/10.1007/s12020-018-1813-z)

Cripps AW & Williams VJ 1975 The effect of pregnancy and lactation on
food intake, gastrointestinal anatomy and the absorptive capacity
of the small intestine in the albino rat. British Journal of Nutrition 33
17-32. (https://doi.org/10.1079/bjn19750005)

Crusell MKW, Hansen TH, Nielsen T, Allin KH, Rithlemann MC, Damm P,
Vestergaard H, Rorbye C, Jorgensen NR, Christiansen OB, et al. 2018
Gestational diabetes is associated with change in the gut microbiota
composition in third trimester of pregnancy and postpartum.
Microbiome 6 89. (https://doi.org/10.1186/s40168-018-0472-x)

Cypryk K, Vilsbell T, Nadel I, Smyczynska J, Holst J] & Lewinski A 2007
Normal secretion of the incretin hormones glucose-dependent
insulinotropic polypeptide and glucagon-like peptide-1 during
gestational diabetes mellitus. Gynecological Endocrinology 23 58-62.
(https://doi.org/10.1080/09513590601137004)

Damm P, Houshmand-Oeregaard A, Kelstrup L, Lauenborg J, Mathiesen ER
& Clausen TD 2016 Gestational diabetes mellitus and long-term
consequences for mother and offspring: a view from Denmark.
Diabetologia 59 1396-1399. (https://doi.org/10.1007/s00125-016-3985-
5)

Davidson SJ, Barrett HL, Price SA, Callaway LK & Dekker Nitert M 2021
Probiotics for preventing gestational diabetes. Cochrane Database of

The intestine and maternal 253:1 R15

health and disease

Systematic Reviews 4 CD009951. (https://doi.org/10.1002/14651858.
CD009951.pub3)

den Besten G, Lange K, Havinga R, van Dijk TH, Gerding A, van Eunen K,
Miiller M, Groen AK, Hooiveld GJ, Bakker BM, et al. 2013 Gut-derived
short-chain fatty acids are vividly assimilated into host carbohydrates
and lipids. American Journal of Physiology: Gastrointestinal and
Liver Physiology 305 G900-G910. (https://doi.org/10.1152/
ajpgi.00265.2013)

Després JP & Lemieux I 2006 Abdominal obesity and metabolic syndrome.
Nature 444 881-887. (https://doi.org/10.1038/nature05488)

Dhanvantari S, Seidah NG & Brubaker PL 1996 Role of prohormone
convertases in the tissue-specific processing of proglucagon.

Molecular Endocrinology 10 342-355. (https://doi.org/10.1210/
mend.10.4.8721980)

DiGiulio DB, Callahan BJ, McMurdie PJ, Costello EK, Lyell DJ,
Robaczewska A, Sun CL, Goltsman DSA, Wong RJ, Shaw G, et al.

2015 Temporal and spatial variation of the human microbiota
during pregnancy. PNAS 112 11060-11065. (https://doi.org/10.1073/
pnas.1502875112)

Dinan TG & Cryan JF 2017 The microbiome-gut-brain axis in health and
disease. Gastroenterology Clinics of North America 46 77-89. (https://doi.
0rg/10.1016/j.gtc.2016.09.007)

Dzakpasu S, Fahey J, Kirby RS, Tough SC, Chalmers B, Heaman MI,
Bartholomew S, Biringer A, Darling EK, Lee LS, et al. 2014 Contribution
of prepregnancy body mass index and gestational weight gain to
caesarean birth in Canada. BMC Pregnancy and Childbirth 14 106.
(https://doi.org/10.1186/1471-2393-14-106)

Elderman M, Hugenholtz F, Belzer C, Boekschoten M, De Haan B, De
Vos P & Faas M 2018 Changes in intestinal gene expression and
microbiota composition during late pregnancy are mouse strain
dependent. Scientific Reports 8 1-12. (https://doi.org/10.1038/s41598-
018-28292-2)

Fell BF, Campbell RM, Mackie WS & Weekes TEC 1972 Changes associated
with pregnancy and lactation in some extra-reproductive organs of the
ewe. Journal of Agricultural Science 79 397-407. (https://doi.org/10.1017/
50021859600025752)

Flint DJ, Sinnett-Smith PA, Clegg RA & Vernon RG 1979 Role of insulin
receptors in the changing metabolism of adipose tissue during
pregnancy and lactation in the rat. Biochemical Journal 182 421-427.
(https://doi.org/10.1042/bj1820421)

Flock GB, Cao X, Maziarz M & Drucker DJ 2013 Activation of
enteroendocrine membrane progesterone receptors promotes incretin
secretion and improves glucose tolerance in mice. Diabetes 62 283-290.
(https://doi.org/10.2337/db12-0601)

Flores R, Shi J, Fuhrman B, Xu X, Veenstra TD, Gail MH, Gajer P, Ravel ] &
Goedert JJ 2012 Fecal microbial determinants of fecal and systemic
estrogens and estrogen metabolites: a cross-sectional study. Journal of
Translational Medicine 10 253. (https://doi.org/10.1186/1479-5876-10-
253)

Fuller M, Priyadarshini M, Gibbons SM, Angueira AR, Brodsky M,

Hayes MG, Kovatcheva-Datchary I, Bickhed F, Gilbert JA, Lowe Jr

WL, et al. 2015 The short-chain fatty acid receptor, FFA2, contributes
to gestational glucose homeostasis. American Journal of Physiology:
Endocrinology and Metabolism 309 E840-E851. (https://doi.org/10.1152/
ajpendo.00171.2015)

Gagnon J, Sauvé M, Zhao W, Stacey HM, Wiber SC, Bolz SS & Brubaker PL
2015 Chronic exposure to TNFa impairs secretion of glucagon-like
peptide-1. Endocrinology 156 3950-3960. (https://doi.org/10.1210/
en.2015-1361)

Gao Z,Yin ], Zhang J, Ward RE, Martin R]J, Lefevre M, Cefalu WT & Ye J
2009 Butyrate improves insulin sensitivity and increases energy
expenditure in mice. Diabetes 58 1509-1517. (https://doi.org/10.2337/
db08-1637)

Gibbs J, Young RC & Smith GP 1997 Cholecystokinin decreases
food intake in rats. Obesity Research § 284-290. (https://doi.
0rg/10.1002/j.1550-8528.1997.tb00305.x)

© 2022 The authors

Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-21-0354

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(OMOoM


https://doi.org/10.2337/dc18-2248
https://doi.org/10.2337/dc18-2248
https://doi.org/10.2337/db06-1491
https://doi.org/10.2337/db06-1491
https://doi.org/10.1111/j.1471-0528.2006.00989.x
https://doi.org/10.1111/j.1471-0528.2006.00989.x
https://doi.org/10.1016/0002-9378(91)90012-g
https://doi.org/10.1016/0002-9378(91)90012-g
https://doi.org/10.1016/j.mce.2008.09.025
https://doi.org/10.1038/nature14232
https://doi.org/10.1038/nature14232
https://doi.org/10.1080/09513590.2019.1703943
https://doi.org/10.1080/09513590.2019.1703943
https://doi.org/10.1186/s12866-021-02207-0
https://doi.org/10.1186/s12866-021-02207-0
https://doi.org/10.1016/j.celrep.2014.10.032
https://doi.org/10.1016/j.celrep.2014.10.032
https://doi.org/10.1093/ajcn/88.4.894
https://doi.org/10.1007/s12020-018-1813-z
https://doi.org/10.1079/bjn19750005
https://doi.org/10.1186/s40168-018-0472-x
https://doi.org/10.1080/09513590601137004
https://doi.org/10.1007/s00125-016-3985-5
https://doi.org/10.1007/s00125-016-3985-5
https://doi.org/10.1002/14651858.CD009951.pub3
https://doi.org/10.1002/14651858.CD009951.pub3
https://doi.org/10.1152/ajpgi.00265.2013
https://doi.org/10.1152/ajpgi.00265.2013
https://doi.org/10.1038/nature05488
https://doi.org/10.1210/mend.10.4.8721980
https://doi.org/10.1210/mend.10.4.8721980
https://doi.org/10.1073/pnas.1502875112
https://doi.org/10.1073/pnas.1502875112
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1186/1471-2393-14-106
https://doi.org/10.1038/s41598-018-28292-2
https://doi.org/10.1038/s41598-018-28292-2
https://doi.org/10.1017/S0021859600025752
https://doi.org/10.1017/S0021859600025752
https://doi.org/10.1042/bj1820421
https://doi.org/10.2337/db12-0601
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1152/ajpendo.00171.2015
https://doi.org/10.1152/ajpendo.00171.2015
https://doi.org/10.1210/en.2015-1361
https://doi.org/10.1210/en.2015-1361
https://doi.org/10.2337/db08-1637
https://doi.org/10.2337/db08-1637
https://doi.org/10.1002/j.1550-8528.1997.tb00305.x
https://doi.org/10.1002/j.1550-8528.1997.tb00305.x
https://doi.org/10.1530/JOE-21-0354
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of E Yeo et al.

The intestine and maternal
health and disease

Endocrinology

Gohir W, Whelan FJ, Surrette MG, Moore C, Schertzer JD & Sloboda DM
2015 Pregnancy-related changes in the maternal gut microbiota are
dependent upon the mother s periconceptional diet.pdf. Gut Microbes
6 310-320. (https://doi.org/10.1080/19490976.2015.1086056)

Gohir W, Kennedy KM, Wallace JG, Saoi M, Bellissimo CJ, Britz-McKibbin P,
Petrik JJ, Surette MG & Sloboda DM 2019 High-fat diet intake
modulates maternal intestinal adaptations to pregnancy and results
in placental hypoxia, as well as altered fetal gut barrier proteins and
immune markers. Journal of Physiology 597 3029-3051. (https://doi.
0rg/10.1113/JP277353)

Green IC & Taylor KW 1972 Effects of pregnancy in the rat on the size
and insulin secretory response of the islets of Langerhans. Journal of
Endocrinology 54 317-325. (https://doi.org/10.1677/joe.0.0540317)

Haeusler RA, Astiarraga B, Camastra S, Accili D & Ferrannini E 2013
Human insulin resistance is associated with increased plasma levels
of 12a-hydroxylated bile acids. Diabetes 62 4184-4191. (https://doi.
0rg/10.2337/db13-0639)

Hanem LGE, Salvesen @, Juliusson PB, Carlsen SM, Nossum MCE,

Vaage M@, @degard R & Vanky E 2019 Intrauterine metformin exposure
and offspring cardiometabolic risk factors (PedMet study): a 5-10

year follow-up of the PregMet randomised controlled trial. Lancet:
Child and Adolescent Health 3 166-174. (https://doi.org/10.1016/S2352-
4642(18)30385-7)

Hornnes PJ, Kuehl C & Lauritsen KB 1981 Gastrointestinal insulinotropic
hormones in normal and gestational-diabetic pregnancy. Response
to oral glucose. Diabetes 30 504-509. (https://doi.org/10.2337/
diab.30.6.504)

Huang C, Snider F & Cross JC 2009 Prolactin receptor is required for
normal glucose homeostasis and modulation of beta-cell mass during
pregnancy. Endocrinology 150 1618-1626. (https://doi.org/10.1210/
€n.2008-1003)

Jarde A, Lewis-Mikhael AM, Moayyedi B, Stearns JC, Collins SM, Beyene J &
McDonald SD 2018 Pregnancy outcomes in women taking probiotics
or prebiotics: a systematic review and meta-analysis. BMC Pregnancy
and Childbirth 18 14. (https://doi.org/10.1186/s12884-017-1629-5)

Jena PK, Sheng L, Liu HX, Kalanetra KM, Mirsoian A, Murphy WJ,

French SW, Krishnan VV, Mills DA & Wan Y-JY 2017 Western diet-
induced dysbiosis in farnesoid X receptor knockout mice causes
persistent hepatic inflammation after antibiotic treatment. American
Journal of Pathology 187 1800-1813. (https://doi.org/10.1016/j.
ajpath.2017.04.019)

Jin T 2008 Mechanisms underlying proglucagon gene expression. Journal of
Endocrinology 198 17-28. (https://doi.org/10.1677/JOE-08-0085)

Johnson ML, Saffrey MJ & Taylor V] 2019 Gastrointestinal capacity, gut
hormones and appetite change during rat pregnancy and lactation.
Reproduction 157 431-443. (https://doi.org/10.1530/REP-18-0414)

Jost T, Lacroix C, Braegger C & Chassard C 2014 Stability of the maternal
gut microbiota during late pregnancy and early lactation. Current
Microbiology 68 419-427. (https://doi.org/10.1007/s00284-013-0491-6)

Kalaany NY & Mangelsdorf DJ 2006 LXRS and FXR: the yin and yang of
cholesterol and fat metabolism. Annual Review of Physiology 68 159-191.
(https://doi.org/10.1146/annurev.physiol.68.033104.152158)

Kaliannan K, Robertson RC, Murphy K, Stanton C, Kang C, Wang B,

Hao L, Bhan AK & Kang JX 2018 Estrogen-mediated gut microbiome
alterations influence sexual dimorphism in metabolic syndrome in
mice. Microbiome 6 205. (https://doi.org/10.1186/s40168-018-0587-0)

Kandzija N, Zhang W, Motta-Mejia C, Mhlomi V, McGowan-Downey J,
James T, Cerdeira AS, Tannetta D, Sargent I, Redman CW, et al. 2019
Placental extracellular vesicles express active dipeptidyl peptidase
1V; levels are increased in gestational diabetes mellitus. Journal of
Extracellular Vesicles 8 1617000. (https://doi.org/10.1080/20013078.201
9.1617000)

Katsuma S, Hirasawa A & Tsujimoto G 2005 Bile acids promote glucagon-
like peptide-1 secretion through TGRS in a murine enteroendocrine
cell line STC-1. Biochemical and Biophysical Research Communications
329 386-390. (https://doi.org/10.1016/j.bbrc.2005.01.139)

Kawamata Y, Fujii R, Hosoya M, Harada M, Yoshida H, Miwa M,

Fukusumi S, Habata Y, Itoh T, Shintani Y, et al. 2003 AG protein-
coupled receptor responsive to bile acids. Journal of Biological Chemistry
278 9435-9440. (https://doi.org/10.1074/jbc.M209706200)

Kennedy KM, Gerlach MJ, Adam T, Heimesaat MM, Rossi L, Surette MG,
Sloboda DM & Braun T 2021 Fetal meconium does not have a
detectable microbiota before birth. Nature Microbiology 6 865-873.
(https://doi.org/10.1038/541564-021-00904-0)

Kieffer TJ, McIntosh CH & Pederson RA 1995 Degradation of glucose-
dependent insulinotropic polypeptide and truncated glucagon-like
peptide 1 in vitro and in vivo by dipeptidyl peptidase IV. Endocrinology
136 3585-3596. (https://doi.org/10.1210/endo.136.8.7628397)

Kikuchi K, Ben Othman M & Sakamoto K 2018 Sterilized bifidobacteria
suppressed fat accumulation and blood glucose level. Biochemical
and Biophysical Research Communications 501 1041-1047. (https://doi.
0rg/10.1016/j.bbrc.2018.05.105)

Kilimnik G, Kim A, Steiner DF, Friedman TC & Hara M 2010 Intraislet
production of GLP-1 by activation of prohormone convertase 1/3
in pancreatic a-cells in mouse models of g-cell regeneration. Islets 2
149-155. (https://doi.org/10.4161/is1.2.3.11396)

Kim H, Toyofuku Y, Lynn FC, Chak E, Uchida T, Mizukami H, Fujitani Y,
Kawamori R, Miyatsuka T, Kosaka Y, et al. 2010 Serotonin regulates
pancreatic beta cell mass during pregnancy. Nature Medicine 16
804-808. (https://doi.org/10.1038/nm.2173)

Kirwan JP, Hauguel-De Mouzon S, Lepercq J, Challier JC, Huston-Presley L,
Friedman JE, Kalhan SC & Catalano PM 2002 TNF-alpha is a predictor
of insulin resistance in human pregnancy. Diabetes 51 2207-2213.
(https://doi.org/10.2337/diabetes.51.7.2207)

Koh A, De Vadder F, Kovatcheva-Datchary P & Backhed F 2016 From
dietary fiber to host physiology: short-chain fatty acids as key
bacterial metabolites. Cell 165 1332-1345. (https://doi.org/10.1016/j.
cell.2016.05.041)

Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Kling Backhed H,
Gonzalez A, Werner JJ, Angenent LT, Knight R, et al. 2012 Host
remodeling of the gut microbiome and metabolic changes during
pregnancy. Cell 150 470-480.(https://doi.org/10.1016/j.cell.2012.07.008 )

Kornman KS & Loesche W] 1982 Effects of estradiol and progesterone on
Bacteroides melaninogenicus and Bacteroides gingivalis. Infection and
Immunity 35 256-263. (https://doi.org/10.1128/iai.35.1.256-263.1982)

Kovacs A, Ben-Jacob N, Tayem H, Halperin E, Iraqi FA & Gophna U 2011
Genotype is a stronger determinant than sex of the mouse gut microbiota.
Microbial Ecology 61 423-428. (https://doi.org/10.1007/s00248-010-9787-2)

Kuang Y-S, Lu J-H, Li S-H, Li J-H, Yuan M-Y, He J-R, Chen N-N, Xiao W-

Q, Shen S-Y, Qiu L, et al. 2017 Connections between the human gut
microbiome and gestational diabetes mellitus. GigaScience 6 1-12.

Lain KY & Catalano PM 2007 Metabolic changes in pregnancy. Clinical
Obstetrics and Gynecology 50 938-948. (https://doi.org/10.1097/
GREOb013e31815a5494)

Larsen N, Vogensen FK, van den Berg FWJ, Nielsen DS, Andreasen AS,
Pedersen BK, Al-Soud WA, Serensen SJ, Hansen LH & Jakobsen M 2010
Gut microbiota in human adults with type 2 diabetes differs from non-
diabetic adults. PLoS ONE § €9085. (https://doi.org/10.1371/journal.
pone.0009085)

Lebrun LJ, Lenaerts K, Kiers D, Pais de Barros JP, Le Guern N,

Plesnik J, Thomas C, Bourgeois T, Dejong CHC, Kox M, et al. 2017
Enteroendocrine L cells sense LPS after gut barrier injury to enhance
GLP-1 secretion. Cell Reports 21 1160-1168. (https://doi.org/10.1016/].
celrep.2017.10.008)

Lencioni C, Resi V, Romero F, Lupi R, Volpe L, Bertolotto A, Ghio A, Del
Prato S, Marchetti P & Di Cianni G 2011 Glucagon-like peptide-1
secretion in women with gestational diabetes mellitus during and after
pregnancy. Journal of Endocrinological Investigation 34 287-290.(https://
doi.org/10.3275/7799 )

Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD & Gordon JI
2005 Obesity alters gut microbial ecology. PNAS 102 11070-11075.
(https://doi.org/10.1073/pnas.0504978102)

© 2022 The authors
Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-21-0354

This work is licensed under a Creative Commons
Attribution 4.0 International License.

@O


https://doi.org/10.1080/19490976.2015.1086056
https://doi.org/10.1113/JP277353
https://doi.org/10.1113/JP277353
https://doi.org/10.1677/joe.0.0540317
https://doi.org/10.2337/db13-0639
https://doi.org/10.2337/db13-0639
https://doi.org/10.1016/S2352-4642(18)30385-7
https://doi.org/10.1016/S2352-4642(18)30385-7
https://doi.org/10.2337/diab.30.6.504
https://doi.org/10.2337/diab.30.6.504
https://doi.org/10.1210/en.2008-1003
https://doi.org/10.1210/en.2008-1003
https://doi.org/10.1186/s12884-017-1629-5
https://doi.org/10.1016/j.ajpath.2017.04.019
https://doi.org/10.1016/j.ajpath.2017.04.019
https://doi.org/10.1677/JOE-08-0085
https://doi.org/10.1530/REP-18-0414
https://doi.org/10.1007/s00284-013-0491-6
https://doi.org/10.1146/annurev.physiol.68.033104.152158
https://doi.org/10.1186/s40168-018-0587-0
https://doi.org/10.1080/20013078.2019.1617000
https://doi.org/10.1080/20013078.2019.1617000
https://doi.org/10.1016/j.bbrc.2005.01.139
https://doi.org/10.1074/jbc.M209706200
https://doi.org/10.1038/s41564-021-00904-0
https://doi.org/10.1210/endo.136.8.7628397
https://doi.org/10.1016/j.bbrc.2018.05.105
https://doi.org/10.1016/j.bbrc.2018.05.105
https://doi.org/10.4161/isl.2.3.11396
https://doi.org/10.1038/nm.2173
https://doi.org/10.2337/diabetes.51.7.2207
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.cell.2012.07.008
https://doi.org/10.1128/iai.35.1.256-263.1982
https://doi.org/10.1007/s00248-010-9787-2
https://doi.org/10.1097/GRF.0b013e31815a5494
https://doi.org/10.1097/GRF.0b013e31815a5494
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1016/j.celrep.2017.10.008
https://doi.org/10.1016/j.celrep.2017.10.008
https://doi.org/10.3275/7799
https://doi.org/10.3275/7799
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1530/JOE-21-0354
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of E Yeo et al.

Endocrinology

The intestine and maternal
health and disease

Ley RE, Turnbaugh PJ, Klein S & Gordon JI 2006 Microbial ecology: human
gut microbes associated with obesity. Nature 444 1022-1023. (https://
doi.org/10.1038/4441022a)

Lim GE, Huang GJ, Flora N, LeRoith D, Rhodes CJ & Brubaker PL
2009 Insulin regulates glucagon-like peptide-1 secretion from the
enteroendocrine L cell. Endocrinology 150 580-591. (https://doi.
01g/10.1210/en.2008-0726)

Lin HV, Frassetto A, Kowalik Jr EJ, Nawrocki AR, Lu MM, Kosinski JR,
Hubert JA, Szeto D, Yao X, Forrest G, et al. 2012 Butyrate and propionate
protect against diet-induced obesity and regulate gut hormones via free
fatty acid receptor 3-independent mechanisms. PLoS ONE 7 e35240.
(https://doi.org/10.1371/journal.pone.0035240)

Lind T, Billewicz WZ & Brown G 1973 A serial study of changes occurring
in the oral glucose tolerance test during pregnancy. Journal of Obstetrics
and Gynaecology of the British Commonwealth 80 1033-1039. (https://
doi.org/10.1111/j.1471-0528.1973.tb02976.x)

Liu CY, Chen LB, Liu PY, Xie DP & Wang PS 2002 Effects of progesterone
on gastric emptying and intestinal transit in male rats. World Journal of
Gastroenterology 8 338-341. (https://doi.org/10.3748/wjg.v8.i2.338)

LiuY, Qin S, Feng Y, Song Y, Lv N, Liu F, Zhang X, Wang S, Wei Y, Li S,
et al. 2020 Perturbations of gut microbiota in gestational diabetes
mellitus patients induce hyperglycemia in germ-free mice. Journal of
Developmental Origins of Health and Disease 11 580-588. (https://doi.
01g/10.1017/52040174420000768)

Lopez-Tello ], Schofield Z, Kiu R, Dalby MJ, van Sinderen D, Le Gall G,
Sferruzzi-Perri AN & Hall 1 2021 Maternal microbiota Bifidobacterium
promotes placental vascularization, nutrient transport and
fetal growth in mice. bioRxiv 2021.07.23.453407. (https://doi.
0rg/10.1101/2021.07.23.453407)

Lund ML, Sorrentino G, Egerod KL, Kroone C, Mortensen B, Knop FK,
Reimann F, Gribble FM, Drucker DJ, de Koning EJP, et al. 2020 L-cell
differentiation is induced by bile acids through GPBAR1 and paracrine
GLP-1 and serotonin signaling. Diabetes 69 614-623. (https://doi.
0rg/10.2337/db19-0764)

Mas, You Y, Huang L, Long S, Zhang J, Guo C, Zhang N, Wu X, Xiao Y
& Tan H 2020 Alterations in gut microbiota of gestational diabetes
patients during the first trimester of pregnancy. Frontiers in
Cellular and Infection Microbiology 10 58. (https://doi.org/10.3389/
fcimb.2020.00058)

Mainoya JR 1975 Effect of prolactin on sugar and amino acid transport by
the rat jejunum. Journal of Experimental Zoology 192 149-154. (https://
doi.org/10.1002/jez.1401920204)

Mallott EK, Borries C, Koenig A, Amato KR & Lu A 2020 Reproductive
hormones mediate changes in the gut microbiome during pregnancy
and lactation in Phayre’s leaf monkeys. Scientific Reports 10 9961.
(https://doi.org/10.1038/541598-020-66865-2)

Markle JGM, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-
Kampczyk U, von Bergen M, McCoy KD, Macpherson AJ & Danska JS
2013 Sex differences in the gut microbiome drive hormone-dependent
regulation of autoimmunity. Science 339 1084-1088. (https://doi.
org/10.1126/science.1233521)

Martin AM, Yabut JM, Choo JM, Page AJ, Sun EW, Jessup CF, Wesselingh SL,
Khan WI, Rogers GB, Steinberg GR, et al. 2019 The gut microbiome
regulates host glucose homeostasis via peripheral serotonin. PNAS 116
19802-19804. (https://doi.org/10.1073/pnas.1909311116)

Meier JJ 2012 GLP-1 receptor agonists for individualized treatment of type
2 diabetes mellitus. Nature Reviews: Endocrinology 8 728-742. (https://
doi.org/10.1038/nrendo.2012.140)

Menni C, Jackson MA, Pallister T, Steves CJ, Spector TD & Valdes AM 2017
Gut microbiome diversity and high-fibre intake are related to lower
long-term weight gain. International Journal of Obesity 41 1099-1105.
(https://doi.org/10.1038/ijo.2017.66)

Menon R, Watson SE, Thomas LN, Allred CD, Dabney A, Azcarate-Peril MA
& Sturino JM 2013 Diet complexity and estrogen receptor {8 status
affect the composition of the murine intestinal microbiota. Applied

and Environmental Microbiology 79 5763-5773. (https://doi.org/10.1128/
AEM.01182-13)

Miao T, YuY, SunJ,Ma A, Yu ], CuiM, Yang L & Wang H 2021 Decrease in
abundance of bacteria of the genus Bifidobacterium in gut microbiota
may be related to pre-eclampsia progression in women from east
China. Food and Nutrition Research 65. (https://doi.org/10.29219/fnr.
v65.5781)

Moffett RC, Vasu S, Thorens B, Drucker DJ & Flatt PR 2014 Incretin receptor
null mice reveal key role of GLP-1 but not GIP in pancreatic beta cell
adaptation to pregnancy. PLoS ONE 9 €96863. (https://doi.org/10.1371/
journal.pone.0096863)

Mokkala K, Houttu N, Vahlberg T, Munukka E, Rénnemaa T & Laitinen K
2017 Gut microbiota aberrations precede diagnosis of gestational
diabetes mellitus. Acta Diabetologica 54 1147-1149. (https://doi.
0rg/10.1007/s00592-017-1056-0)

Mosavat M, Omar SZ, Jamalpour S & Tan PC 2020 Serum glucose-
dependent insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1) in association with the risk of gestational diabetes:
a prospective case-control study. Journal of Diabetes Research 2020
9072492. (https://doi.org/10.1155/2020/9072492)

Miiller TD, Finan B, Bloom SR, d’Alessio D, Drucker DJ, Flatt PR, Fritsche A,
Gribble F, Grill HJ, Habener JF, et al. 2019 Glucagon-like peptide 1
(GLP-1). Molecular Metabolism 30 72-130. (https://doi.org/10.1016/j.
molmet.2019.09.010)

Murphy KG & Bloom SR 2006 Gut hormones and the regulation of
energy homeostasis. Nature 444 854-859. (https://doi.org/10.1038/
nature05484)

Musial B, Fernandez-Twinn DS, Vaughan OR, Ozanne SE, Voshol P,
Sferruzzi-Perri AN & Fowden AL 2016 Proximity to delivery alters
insulin sensitivity and glucose metabolism in pregnant mice. Diabetes
65 851-860. (https://doi.org/10.2337/db15-1531)

Napso T, Yong HEJ, Lopez-Tello ] & Sferruzzi-Perri AN 2018 The role of
placental hormones in mediating maternal adaptations to support
pregnancy and lactation. Frontiers in Physiology 9 1091. (https://doi.
org/10.3389/fphys.2018.01091)

Nguyen AT, Mandard S, Dray C, Deckert V, Valet P, Besnard I, Drucker D],
Lagrost L & Grober J 2014 Lipopolysaccharides-mediated increase
in glucose-stimulated insulin secretion: involvement of the GLP-1
pathway. Diabetes 63 471-482. (https://doi.org/10.2337/db13-0903)

Nuriel-Ohayon M, Neuman H, Ziv O, Belogolovski A, Barsheshet Y,

Bloch N, Uzan A, Lahav R, Peretz A, Frishman S, et al. 2019
Progesterone increases Bifidobacterium relative abundance during
late pregnancy. Cell Reports 27 730-736.e3. (https://doi.org/10.1016/].
celrep.2019.03.075)

Oliphant K & Allen-Vercoe E 2019 Macronutrient metabolism by the
human gut microbiome: major fermentation by-products and their
impact on host health. Microbiome 7 91. (https://doi.org/10.1186/
540168-019-0704-8)

Orskov C, Wettergren A & Holst JJ 1993 Biological effects and metabolic
rates of glucagonlike peptide-1 7-36 amide and glucagonlike peptide-1
7-37 in healthy subjects are indistinguishable. Diabetes 42 658-661.
(https://doi.org/10.2337/diab.42.5.658)

Ovadia C, Perdones-Montero A, Spagou K, Smith A, Sarafian MH, Gomez-
Romero M, Bellafante E, Clarke LCD, Sadiq F, Nikolova V, et al. 2019
Enhanced microbial bile acid deconjugation and impaired ileal uptake
in pregnancy repress intestinal regulation of bile acid synthesis.
Hepatology 70 276-293. (https://doi.org/10.1002/hep.30661)

Panaro BL, Yusta B, Matthews D, Koehler JA, Song Y, Sandoval DA &
Drucker DJ 2020 Intestine-selective reduction of GCG expression
reveals the importance of the distal gut for GLP-1 secretion.

Molecular Metabolism 37 100990. (https://doi.org/10.1016/j.
molmet.2020.100990)

Parsons JA, Brelje TC & Sorenson RL 1992 Adaptation of islets of
Langerhans to pregnancy: increased islet cell proliferation and
insulin secretion correlates with the onset of placental lactogen

© 2022 The authors

Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-21-0354

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(OMOoM


https://doi.org/10.1038/4441022a
https://doi.org/10.1038/4441022a
https://doi.org/10.1210/en.2008-0726
https://doi.org/10.1210/en.2008-0726
https://doi.org/10.1371/journal.pone.0035240
https://doi.org/10.1111/j.1471-0528.1973.tb02976.x
https://doi.org/10.1111/j.1471-0528.1973.tb02976.x
https://doi.org/10.3748/wjg.v8.i2.338
https://doi.org/10.1017/S2040174420000768
https://doi.org/10.1017/S2040174420000768
https://doi.org/10.1101/2021.07.23.453407
https://doi.org/10.1101/2021.07.23.453407
https://doi.org/10.2337/db19-0764
https://doi.org/10.2337/db19-0764
https://doi.org/10.3389/fcimb.2020.00058
https://doi.org/10.3389/fcimb.2020.00058
https://doi.org/10.1002/jez.1401920204
https://doi.org/10.1002/jez.1401920204
https://doi.org/10.1038/s41598-020-66865-2
https://doi.org/10.1126/science.1233521
https://doi.org/10.1126/science.1233521
https://doi.org/10.1073/pnas.1909311116
https://doi.org/10.1038/nrendo.2012.140
https://doi.org/10.1038/nrendo.2012.140
https://doi.org/10.1038/ijo.2017.66
https://doi.org/10.1128/AEM.01182-13
https://doi.org/10.1128/AEM.01182-13
https://doi.org/10.29219/fnr.v65.5781
https://doi.org/10.29219/fnr.v65.5781
https://doi.org/10.1371/journal.pone.0096863
https://doi.org/10.1371/journal.pone.0096863
https://doi.org/10.1007/s00592-017-1056-0
https://doi.org/10.1007/s00592-017-1056-0
https://doi.org/10.1155/2020/9072492
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1038/nature05484
https://doi.org/10.1038/nature05484
https://doi.org/10.2337/db15-1531
https://doi.org/10.3389/fphys.2018.01091
https://doi.org/10.3389/fphys.2018.01091
https://doi.org/10.2337/db13-0903
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1186/s40168-019-0704-8
https://doi.org/10.1186/s40168-019-0704-8
https://doi.org/10.2337/diab.42.5.658
https://doi.org/10.1002/hep.30661
https://doi.org/10.1016/j.molmet.2020.100990
https://doi.org/10.1016/j.molmet.2020.100990
https://doi.org/10.1530/JOE-21-0354
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of E Yeo et al.

The intestine and maternal
health and disease

Endocrinology

secretion. Endocrinology 130 1459-1466. (https://doi.org/10.1210/
endo.130.3.1537300)

Pena-Villalobos I, Casanova-Maldonado I, Lois P, Sabat P & Palma V 2018
Adaptive physiological and morphological adjustments mediated by
intestinal stem cells in response to food availability in mice. Frontiers in
Physiology 9 1821. (https://doi.org/10.3389/fphys.2018.01821)

Petersen N, Reimann F, Bartfeld S, Farin HE, Ringnalda FC, Vries RG], van
den Brink S, Clevers H, Gribble FM & de Koning EJP 2014 Generation
of L cells in mouse and human small intestine organoids. Diabetes 63
410-420. (https://doi.org/10.2337/db13-0991)

Pitlik SD & Koren O 2017 How holobionts get sick - toward a unifying
scheme of disease. Microbiome 5 64. (https://doi.org/10.1186/s40168-
017-0281-7)

Priyadarshini M, Thomas A, Reisetter AC, Scholtens DM, Wolever TMS,
Josefson JL & Layden BT 2014 Maternal short-chain fatty acids are
associated with metabolic parameters in mothers and newborns.
Translational Research 164 153-157. (https://doi.org/10.1016/j.
trs1.2014.01.012)

QinJ,LiY, CaiZ, LiS, ZhuJ, Zhang F, Liang S, Zhang W, Guan Y, Shen D,
etal. 2012 A metagenome-wide association study of gut microbiota
in type 2 diabetes. Nature 490 55-60. (https://doi.org/10.1038/
nature11450)

Qin S, Liu Y, Wang S, Ma J & Yang H 2021 Distribution characteristics of
intestinal microbiota during pregnancy and postpartum in healthy
women. Journal of Maternal-Fetal and Neonatal Medicine 34 1-8. (https://
doi.org/10.1080/14767058.2020.1812571)

Rabot S, Membrez M, Bruneau A, Gerard P, Harach T, Moser M, Raymond F,
Mansourian R & Chou CJ 2010 Germ-free C57BL/6] mice are resistant
to high-fat-diet-induced insulin resistance and have altered cholesterol
metabolism. FASEB Journal 24 4948-4959. (https://doi.org/10.1096/
£j.10-164921)

Rajili¢-Stojanovié¢ M & de Vos WM 2014 The first 1000 cultured species of
the human gastrointestinal microbiota. FEMS Microbiology Reviews 38
996-1047. (https://doi.org/10.1111/1574-6976.12075)

Reyes-Lopez R, Pérez-Luque E & Malacara JM 2014 Metabolic, hormonal
characteristics and genetic variants of TCF7L2 associated with
development of gestational diabetes mellitus in Mexican women.
Diabetes/Metabolism Research and Reviews 30 701-706. (https://doi.
0rg/10.1002/dmrr.2538)

Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, Griffin NW,
Lombard V, Henrissat B, Bain JR, et al. 2013 Gut microbiota from twins
discordant for obesity modulate metabolism in mice. Science 341
1241214. (https://doi.org/10.1126/science.1241214)

Sabet Sarvestani F, Rahmanifar F & Tamadon A 2015 Histomorphometric
changes of small intestine in pregnant rat. Veterinary Research Forum 6
69-73.

Salazar-Petres ER & Sferruzzi-Perri AN 2021 Pregnancy-induced changes in
B-cell function: what are the key players? Journal of Physiology. (https://
doi.org/10.1113/JP281082)

Schertzer JD, Tamrakar AK, Magalhdes ]G, Pereira S, Bilan PJ, Fullerton MD,
Liu Z, Steinberg GR, Giacca A, Philpott DJ, et al. 2011 NOD1 activators
link innate immunity to insulin resistance. Diabetes 60 2206-2215.
(https://doi.org/10.2337/db11-0004)

Scholtens DM, Kuang A, Lowe LP, Hamilton J, Lawrence JM, Lebenthal Y,
Brickman WJ, Clayton P, Ma RC, McCance D, et al. 2019 Hyperglycemia
and adverse pregnancy outcome follow-up study (HAPO FUS):
maternal glycemia and childhood glucose metabolism. Diabetes Care
42 381-392. (https://doi.org/10.2337/dc18-2021)

Sferruzzi-Perri AN, Lopez-Tello J, Napso T & Yong HE]J 2020 Exploring the
causes and consequences of maternal metabolic maladaptations during
pregnancy: lessons from animal models. Placenta 98 43-51. (https://
doi.org/10.1016/j.placenta.2020.01.015)

Shaat N, Lernmark A, Karlsson E, Ivarsson S, Parikh H, Berntorp K &
Groop L 2007 A variant in the transcription factor 7-like 2 (TCF7L2)
gene is associated with an increased risk of gestational diabetes

mellitus. Diabetologia 50 972-979. (https://doi.org/10.1007/s00125-007-
0623-2)

Solito A, Bozzi Cionci N, Calgaro M, Caputo M, Vannini L,

Hasballa I, Archero F, Giglione E, Ricotti R, Walker GE, et al. 2021
Supplementation with Bifidobacterium breve BRO3 and B632 strains
improved insulin sensitivity in children and adolescents with
obesity in a cross-over, randomized double-blind placebo-controlled
trial. Clinical Nutrition 40 4585-4594. (https://doi.org/10.1016/j.
¢Inu.2021.06.002)

Steegenga WT, Mischke M, Lute C, Boekschoten MV, Pruis MG, Lendvai A,
Verkade HJ, Boekhorst J, Timmerman HM, Plosch T, et al. 2014
Sexually dimorphic characteristics of the small intestine and colon of
prepubescent C57BL/6 mice. Biology of Sex Differences 5 11. (https://doi.
0rg/10.1186/513293-014-0011-9)

Stuebe AM & Rich-Edwards JW 2009 The reset hypothesis: lactation and
maternal metabolism. American Journal of Perinatology 26 81-88.
(https://doi.org/10.1055/5-0028-1103034)

Sugiyama C, Yamamoto M, Kotani T, Kikkawa F, Murata Y & Hayashi Y 2012
Fertility and pregnancy-associated g-cell proliferation in mice deficient
in proglucagon-derived peptides. PLoS ONE 7 €43745. (https://doi.
org/10.1371/journal.pone.0043745)

Sukumar N, Bagias C, Goljan I, Weldeselassie Y, Gharanei S, Tan BK, Holst JJ
& Saravanan P 2018 Reduced GLP-1 secretion at 30 minutes after a
75-g oral glucose load is observed in gestational diabetes mellitus:

a prospective cohort study. Diabetes 67 2650-2656. (https://doi.
0rg/10.2337/db18-0254)

Suzuki K, Simpson KA, Minnion J§, Shillito JC & Bloom SR 2010 The
role of gut hormones and the hypothalamus in appetite regulation.
Endocrine Journal 57 359-372. (https://doi.org/10.1507/endocrj.k10e-
077)

Svendsen PF, Nilas L, Madsbad S & Holst JJ 2009 Incretin hormone
secretion in women with polycystic ovary syndrome: roles of obesity,
insulin sensitivity, and treatment with metformin. Metabolism:
Clinical and Experimental 58 586-593. (https://doi.org/10.1016/j.
metabol.2008.11.009)

Szczuko M, Kikut J, Maciejewska D, Kulpa D, Celewicz Z & Zigtek M
2020 The associations of SCFA with anthropometric parameters and
carbohydrate metabolism in pregnant women. International Journal of
Molecular Sciences 21 9212. (https://doi.org/10.3390/ijms21239212)

Tan ], McKenzie C, Potamitis M, Thorburn AN, Mackay CR & Macia L 2014
The role of short-chain fatty acids in health and disease. Advances in
Immunology 121 91-119. (https://doi.org/10.1016/B978-0-12-800100-
4.00003-9)

Tanti JF & Jager J 2009 Cellular mechanisms of insulin resistance: role of
stress-regulated serine kinases and insulin receptor substrates (IRS)
serine phosphorylation. Current Opinion in Pharmacology 9 753-762.
(https://doi.org/10.1016/j.coph.2009.07.004)

Teerapornpuntakit J, Klanchui A, Karoonuthaisiri N, Wongdee K &
Charoenphandhu N 2014 Expression of transcripts related to intestinal
ion and nutrient absorption in pregnant and lactating rats as
determined by custom-designed cDNA microarray. Molecular and Cellular
Biochemistry 391 103-116. (https://doi.org/10.1007/s11010-014-1992-8)

Theis KR, Romero R, Winters AD, Greenberg JM, Gomez-Lopez N,
Alhousseini A, Bieda J, Maymon E, Pacora P, Fettweis JM, et al. 2019
Does the human placenta delivered at term have a microbiota? Results
of cultivation, quantitative real-time PCR, 16S rRNA gene sequencing,
and metagenomics. American Journal of Obstetrics and Gynecology 220
267.e1-e267.e39. (https://doi.org/10.1016/j.ajog.2018.10.018)

Todoric J, Handisurya A, Knapp B, Tura A, Pacini G & Kautzky-Willer A 2013
Relationship of PENTRAXIN 3 with insulin sensitivity in gestational
diabetes. European Journal of Clinical Investigation 43 341-349. (https://
doi.org/10.1111/eci.12051)

Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E,
Cameron J, Grosse ], Reimann F & Gribble FM 2012 Short-chain fatty
acids stimulate glucagon-like peptide-1 secretion via the G-protein-

© 2022 The authors
Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-21-0354

This work is licensed under a Creative Commons
Attribution 4.0 International License.

@O


https://doi.org/10.1210/endo.130.3.1537300
https://doi.org/10.1210/endo.130.3.1537300
https://doi.org/10.3389/fphys.2018.01821
https://doi.org/10.2337/db13-0991
https://doi.org/10.1186/s40168-017-0281-7
https://doi.org/10.1186/s40168-017-0281-7
https://doi.org/10.1016/j.trsl.2014.01.012
https://doi.org/10.1016/j.trsl.2014.01.012
https://doi.org/10.1038/nature11450
https://doi.org/10.1038/nature11450
https://doi.org/10.1080/14767058.2020.1812571
https://doi.org/10.1080/14767058.2020.1812571
https://doi.org/10.1096/fj.10-164921
https://doi.org/10.1096/fj.10-164921
https://doi.org/10.1111/1574-6976.12075
https://doi.org/10.1002/dmrr.2538
https://doi.org/10.1002/dmrr.2538
https://doi.org/10.1126/science.1241214
https://doi.org/10.1113/JP281082
https://doi.org/10.1113/JP281082
https://doi.org/10.2337/db11-0004
https://doi.org/10.2337/dc18-2021
https://doi.org/10.1016/j.placenta.2020.01.015
https://doi.org/10.1016/j.placenta.2020.01.015
https://doi.org/10.1007/s00125-007-0623-2
https://doi.org/10.1007/s00125-007-0623-2
https://doi.org/10.1016/j.clnu.2021.06.002
https://doi.org/10.1016/j.clnu.2021.06.002
https://doi.org/10.1186/s13293-014-0011-9
https://doi.org/10.1186/s13293-014-0011-9
https://doi.org/10.1055/s-0028-1103034
https://doi.org/10.1371/journal.pone.0043745
https://doi.org/10.1371/journal.pone.0043745
https://doi.org/10.2337/db18-0254
https://doi.org/10.2337/db18-0254
https://doi.org/10.1507/endocrj.k10e-077
https://doi.org/10.1507/endocrj.k10e-077
https://doi.org/10.1016/j.metabol.2008.11.009
https://doi.org/10.1016/j.metabol.2008.11.009
https://doi.org/10.3390/ijms21239212
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.1016/j.coph.2009.07.004
https://doi.org/10.1007/s11010-014-1992-8
https://doi.org/10.1016/j.ajog.2018.10.018
https://doi.org/10.1111/eci.12051
https://doi.org/10.1111/eci.12051
https://doi.org/10.1530/JOE-21-0354
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of E Yeo et al.

The intestine and maternal
health and disease

Endocrinology

coupled receptor FFAR2. Diabetes 61 364-371. (https://doi.org/10.2337/
db11-1019)

Tomaro-Duchesneau C, LeValley SL, Roeth D, Sun L, Horrigan FT,

Kalkum M, Hyser JM & Britton RA 2020 Discovery of a bacterial peptide
as a modulator of GLP-1 and metabolic disease. Scientific Reports 10
4922. (https://doi.org/10.1038/541598-020-61112-0)

Tremaroli V & Backhed F 2012 Functional interactions between the gut
microbiota and host metabolism. Nature 489 242-249. (https://doi.
org/10.1038/nature11552)

Tremellen K & Pearce K 2012 Dysbiosis of gut microbiota (DOGMA) - a
novel theory for the development of polycystic ovarian syndrome.
Medical Hypotheses 79 104-112. (https://doi.org/10.1016/j.
mehy.2012.04.016)

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER & Gordon JI
2006 An obesity-associated gut microbiome with increased capacity
for energy harvest. Nature 444 1027-1031. (https://doi.org/10.1038/
nature05414)

Valsamakis G, Margeli A, Vitoratos N, Boutsiadis A, Sakkas EG,
Papadimitriou G, Al-Daghri NM, Botsis D, Kumar S, Papassotiriou I,
etal. 2010 The role of maternal gut hormones in normal pregnancy:
fasting plasma active glucagon-like peptide 1 level is a negative
predictor of fetal abdomen circumference and maternal weight
change. European Journal of Endocrinology 162 897-903. (https://doi.
0rg/10.1530/EJE-10-0047)

Verdich C, Toubro S, Buemann B, Lysgard Madsen J, Juul Holst J & Astrup A
2001 The role of postprandial releases of insulin and incretin hormones
in meal-induced satiety - effect of obesity and weight reduction.
International Journal of Obesity and Related Metabolic Disorders 25
1206-1214. (https://doi.org/10.1038/sj.ij0.0801655)

Vrieze A, Out C, Fuentes S, Jonker L, Reuling I, Kootte RS, Van Nood E,
Holleman F, Knaapen M, Romijn JA, et al. 2014 Impact of oral
vancomycin on gut microbiota, bile acid metabolism, and insulin
sensitivity. Journal of Hepatology 60 824-831. (https://doi.org/10.1016/j.
jhep.2013.11.034)

Wada T, Hori S, Sugiyama M, Fujisawa E, Nakano T, Tsuneki H, Nagira K,
Saito S & Sasaoka T 2010 Progesterone inhibits glucose uptake by
affecting diverse steps of insulin signaling in 3T3-L1 adipocytes.
American Journal of Physiology: Endocrinology and Metabolism 298
E881-E888. (https://doi.org/10.1152/ajpendo.00649.2009)

Waget A, Cabou C, Masseboeuf M, Cattan I, Armanet M, Karaca M,
Castel J, Garret C, Payros G, Maida A, et al. 2011 Physiological and
pharmacological mechanisms through which the DPP-4 inhibitor
sitagliptin regulates glycemia in mice. Endocrinology 152 3018-3029.
(https://doi.org/10.1210/en.2011-0286)

Wald A, Van Thiel DH, Hoechstetter L, Gavaler JS, Egler KM, Verm R, Scott L
& Lester R 1981 Gastrointestinal transit: the effect of the menstrual
cycle. Gastroenterology 80 1497-1500. (https://doi.org/10.1016/0016-
5085(81)90263-8)

Wallace JG, Bellissimo CJ, Yeo E, Fei Xia Y, Petrik JJ, Surette MG,

Bowdish DME & Sloboda DM 2019 Obesity during pregnancy results in
maternal intestinal inflammation, placental hypoxia, and alters fetal
glucose metabolism at mid-gestation. Scientific Reports 9 17621. (https://
doi.org/10.1038/s41598-019-54098-x)

‘Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R, Manneras-Holm L,
Stahlman M, Olsson LM, Serino M, Planas-Felix M, et al. 2017
Metformin alters the gut microbiome of individuals with treatment-
naive type 2 diabetes, contributing to the therapeutic effects of the
drug. Nature Medicine 23 850-858. (https://doi.org/10.1038/nm.4345)

Wu Y, Bible PW, Long S, Ming W-K, Ding W, Long Y, Wen X, Li X, Deng X,
Deng Y et al. 2020 Metagenomic analysis reveals gestational diabetes
mellitus-related microbial regulators of glucose tolerance. Acta
Diabetologica 57 569-581. (https://doi.org/10.1007/s00592-019-01434-2)

Wu ], ZhuoY, Liu Y, Chen Y, Ning Y & Yao J 2021 Association between
premature ovarian insufficiency and gut microbiota. BMC Pregnancy
and Childbirth 21 418. (https://doi.org/10.1186/s12884-021-03855-w)

XuY, Zhang M, ZhangJ, Sun Z, Ran L, Ban Y, Wang B, Hou X, Zhai S,

Ren L et al. 2020 Differential intestinal and oral microbiota features
associated with gestational diabetes and maternal inflammation.
American Journal of Physiology. Endocrinology and Metabolism 319
E247-E253. (https://doi.org/10.1152/ajpendo.00266.2019)

Yadav H, Lee JH, Lloyd J, Walter P & Rane SG 2013 Beneficial metabolic
effects of a probiotic via butyrate-induced GLP-1 hormone secretion.
Journal of Biological Chemistry 288 25088-25097. (https://doi.
0rg/10.1074/jbc.M113.452516)

Yang H, Guo R, Li§, Liang E, Tian C, Zhao X, Long Y, Liu F, Jiang M,

Zhang Y, et al. 2020 Systematic analysis of gut microbiota in pregnant
women and its correlations with individual heterogeneity. NPJ Biofilms
and Microbiomes 6 32. (https://doi.org/10.1038/s41522-020-00142-y)

Ye G, Zhang L, Wang M, Chen Y, Gu S, Wang K, Leng J, Gu Y & Xie X
2019 The gut microbiota in women suffering from gestational
diabetes mellitus with the failure of glycemic control by lifestyle
modification. Journal of Diabetes Research 2019 6081248. (https://doi.
0rg/10.1155/2019/6081248)

Yi E, Brubaker PL & Jin T 2005 TCF-4 mediates cell type-specific regulation
of proglucagon gene expression by §-catenin and glycogen synthase
kinase-3@. Journal of Biological Chemistry 280 1457-1464. (https://doi.
0rg/10.1074/jbc.M411487200)

Yi E, SunJ, Lim GE, Fantus IG, Brubaker PL & Jin T 2008 Cross talk
between the insulin and Wnt signaling pathways: evidence from
intestinal endocrine L cells. Endocrinology 149 2341-2351. (https://doi.
0rg/10.1210/en.2007-1142)

Yoon HS, Cho CH, Yun MS, Jang §J, You HJ, Kim JH, Han D, Cha KH,
Moon SH, Lee K, et al. 2021 Akkermansia muciniphila secretes a
glucagon-like peptide-1-inducing protein that improves glucose
homeostasis and ameliorates metabolic disease in mice. Nature
Microbiology 6 563-573. (https://doi.org/10.1038/541564-021-00880-5)

Zhang M, Robitaille M, Showalter AD, Huang X, Liu Y, Bhattacharjee A,
Willard FS, Han J, Froese S, Wei L, et al. 2014 Progesterone receptor
membrane component 1 is a functional part of the glucagon-like
peptide-1 (GLP-1) receptor complex in pancreatic @ cells. Molecular
and Cellular Proteomics 13 3049-3062. (https://doi.org/10.1074/mcp.
M114.040196)

Zhu H, Chen B, Cheng Y, Zhou Y, Yan YS, Luo Q, Jiang Y, Sheng JZ, Ding GL
& Huang HF 2019 Insulin therapy for gestational diabetes mellitus
does not fully protect offspring from diet-induced metabolic disorders.
Diabetes 68 696-708. (https://doi.org/10.2337/db18-1151)

Received in final form 10 January 2022
Accepted 31 January 2022
Accepted Manuscript published online 31 January 2022

© 2022 The authors

Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-21-0354

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(OMOoM


https://doi.org/10.2337/db11-1019
https://doi.org/10.2337/db11-1019
https://doi.org/10.1038/s41598-020-61112-0
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1016/j.mehy.2012.04.016
https://doi.org/10.1016/j.mehy.2012.04.016
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
https://doi.org/10.1530/EJE-10-0047
https://doi.org/10.1530/EJE-10-0047
https://doi.org/10.1038/sj.ijo.0801655
https://doi.org/10.1016/j.jhep.2013.11.034
https://doi.org/10.1016/j.jhep.2013.11.034
https://doi.org/10.1152/ajpendo.00649.2009
https://doi.org/10.1210/en.2011-0286
https://doi.org/10.1016/0016-5085(81)90263-8
https://doi.org/10.1016/0016-5085(81)90263-8
https://doi.org/10.1038/s41598-019-54098-x
https://doi.org/10.1038/s41598-019-54098-x
https://doi.org/10.1038/nm.4345
https://doi.org/10.1007/s00592-019-01434-2
https://doi.org/10.1186/s12884-021-03855-w
https://doi.org/10.1152/ajpendo.00266.2019
https://doi.org/10.1074/jbc.M113.452516
https://doi.org/10.1074/jbc.M113.452516
https://doi.org/10.1038/s41522-020-00142-y
https://doi.org/10.1155/2019/6081248
https://doi.org/10.1155/2019/6081248
https://doi.org/10.1074/jbc.M411487200
https://doi.org/10.1074/jbc.M411487200
https://doi.org/10.1210/en.2007-1142
https://doi.org/10.1210/en.2007-1142
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1074/mcp.M114.040196
https://doi.org/10.1074/mcp.M114.040196
https://doi.org/10.2337/db18-1151
https://doi.org/10.1530/JOE-21-0354
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Abstract
	Introduction
	Maternal glucose metabolism
	Our current understanding of the regulation of maternal glucose metabolism during pregnancy
	Putative intestinal factors regulating maternal glucose metabolism
	Gut hormones and their impacts on metabolism
	Glucagon-like peptide 1 
	GLP-1 during pregnancy

	Microbial impacts on host metabolism
	Pregnancy-related changes in gut microbes and their function
	Bacterial metabolites as drivers of metabolic change


	Clinical relevance
	Conclusions and future directions
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgement
	References

