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Abstract 

Gestational diabetes mellitus (GDM) is a common complication of pregnancy that has been associated with an 
increased risk of obesity and diabetes in the offspring. Pregnancy is accompanied by tightly regulated changes in 
the endocrine, metabolic, immune, and microbial systems, and deviations from these changes can alter the mother’s 
metabolism resulting in adverse pregnancy outcomes and a negative impact on the health of her infant. Maternal 
microbiomes are significant drivers of mother and child health outcomes, and many microbial metabolites are likely 
to influence the host health. This review discusses the current understanding of how the microbiota and microbial 
metabolites may contribute to the development of GDM and how GDM-associated changes in the maternal microbi-
ome can affect infant’s health. We also describe microbiota-based interventions that aim to improve metabolic health 
and outline future directions for precision medicine research in this emerging field.
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Introduction
Pregnancy is a complex process that is influenced 
by a variety of interconnected molecular and cellu-
lar mechanisms [1]. During pregnancy, there are many 
physiological changes that occur, including hormonal, 
immunological, microbial, and metabolic changes, which 
are all tightly regulated to help maintain homeostasis and 
ensure the delivery of a healthy infant [1, 2]. However, if 
these physiological changes are disrupted, various preg-
nancy-related complications can occur leading to nega-
tive consequences for both the mother and her baby [3]. 
There has been increasing interest in studying the role of 
microbiota in reproductive health and associated changes 
during pregnancy and newborn life.

Indigenous microbial communities, also known as the 
microbiota, form intricate ecosystems that are uniquely 
adapted to the constantly fluctuating physiology of their 
hosts [4]. Three-quarters of an individual’s microbiome 
can be traced back to their mother, with the infant being 
exposed to vaginal microbes as they pass through the 
birth canal [5]. Additionally, maternal oral [6], fecal [7, 8], 
skin [9] and placental [10] microbiota can also contribute 
to the seeding and colonization of the infant microbiome. 
Breastmilk plays a role in the maturation and nourish-
ment of the infant microbiome after birth [11]. Microbi-
ome imbalance (also known as dysbiosis) may affect the 
mother’s metabolic profile, contribute to pregnancy com-
plications, and impact neonatal health [12].

Gestational diabetes mellitus (GDM) is defined as an 
abnormal glucose intolerance during pregnancy [13]. 
It has been linked to numerous adverse maternal and 
neonatal outcomes, such as cesarean section delivery, 
preeclampsia, large birth weight, shoulder dystocia, and 
hypoglycemia in newborns [13]. The prevalence of GDM 
is increasing and it affects a significant percentage of 
pregnancies [13]. Research has shown that the mater-
nal microbiome may be altered in GDM pregnancies in 
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multiple body sites, including the mouth, vagina, and 
gut [14]. However, the impact of the maternal microbi-
ome changes on the composition and development of 
the infant’s gut microbiome is still being explored. Dif-
ferences in the composition of breast milk was shown to 
contribute to the alterations in gut microbiome compo-
sition in breastfed infants of obese mothers [15]. Proper 
seeding and maturation of infant gut microbiota is nec-
essary for the development of various essential biological 
systems. The gut microbiome, also known as "the second 
brain," is composed of microbes that play a crucial role 
in various physiological processes, including digestion, 
immunity, neurological signaling, hormonal regula-
tion, drug and toxin metabolism, and the production of 
metabolites that influence host physiology [16]. Micro-
biota ferment non-digestible fibers to produce microbial 
metabolites, such as short chain fatty acids (SCFAs) such 
as acetate, butyrate and propionate, that play a crucial 
role in maintaining the integrity of the intestinal barrier, 
preventing the leakage of pathogenic bacteria and toxic 
bacterial byproducts, such as lipopolysaccharide, into the 
bloodstream [17].

It is important to understand the relationship between 
the maternal microbiome and the health of the infant. 
This review will discuss the existing and updated knowl-
edge about the physiological changes associated with 
normal pregnancy and compare them to those with 
pregnancy related complications such as GDM. We will 
further explore the relationship between the maternal 
microbiome, microbiota-derived metabolites, and GDM, 
as well as their impact on the development of the neo-
natal microbiome during the perinatal period and early 
life. We will also summarize various tools for modulating 
or engineering the microbiome in order to promote the 
development of a healthy, well-balanced, resilient micro-
biome that can protect the host from disease throughout 
their life.

Pregnancy‑related maternal changes
Physiological changes that occur in the mother’s body 
during pregnancy are necessary to support the growing 
fetus and prepare the body for childbirth. Some exam-
ples of maternal adaptations during pregnancy include 
changes in hormone levels, weight gain, immune and 
microbial modulation [12] (Fig. 1).

Hormonal adaptation during pregnancy and GDM
During pregnancy, there are several hormonal changes 
that occur in the mother’s body to prepare the mother 
for delivery and to support her growing fetus. Human 
chorionic gonadotropin (hCG) is a hormone that can 
be detected in the urine as early as 7–9  days after fer-
tilization and is used as an indicator of pregnancy [18]. 

As hCG levels rise, blood flow to the kidneys and pel-
vic region increases, which speeds up the kidneys’ abil-
ity to eliminate waste from the body [18]. In addition, 
hCG regulates the levels progesterone and estrogen [18]. 
Progesterone levels must remain high during pregnancy 
and gradually increase until birth [19]. Progesterone 
has many important functions in the placentation and 
implantation [19] and later in pregnancy to support fetal 
development and prepare the muscles of the pelvic wall 
for contraction during labor [19]. Similarly, estrogen is 
made and released by the corpus luteum of the ovaries 
and later by the fetal-placental unit [20]. Estrogen lev-
els gradually increase in pregnancy until delivery and 
are essential for maintaining and regulating the produc-
tion of other pregnancy hormones, contributing to the 
development of fetal organs, stimulating the growth and 
function of the placenta, and preparing the mother for 
lactation [20]. These hormonal steroids influence many 
aspects of maternal physiology that are beneficial for 
both pregnancy and postpartum support for the infant 
[20]. Pregnancy is associated with a natural increase in 
insulin resistance, some studies have suggested that high 
levels of hCG and low levels of estrogen may be associ-
ated with the development of GDM [21–24], while others 
have found no significant changes in placental hormones 
in women with GDM [24]. The role of these hormones 
in the onset or progression of GDM remains largely 
unknown. Several other placenta-derived hormones with 
pleiotropic effects are also produced during pregnancy 
but are beyond the scope of this review.

Pregnancy‑associated immune adaptation and GDM
A pregnant woman’s immune system undergoes signifi-
cant changes in order to accommodate the developing 
fetus (Fig.  1). In a delicate balancing act, the maternal 
immune system supports fetal allograft tolerance while 
conserving innate and adaptive immune systems for 
defense against microbes [25]. A healthy pregnancy is 
characterized by a well-controlled mild inflammatory 
state, while the adaptive immune response is more active 
during implantation, birth, and intrauterine infections, 
the innate immune response continuously monitors the 
maternal–fetal interface for foreign antigens that could 
harm the pregnancy [25]. The process of implantation 
involves the production of pro-inflammatory cytokines 
such as IFNγ, IL-1, TNF, IL-6, IL-17 and the IL-6 fam-
ily cytokine leukemia inhibitory factor (LIF) by immune 
cells such as natural killer (NK) cells, dendritic cells 
(DC), macrophages, neutrophils, and ILC3s [26, 27]. 
Mid-gestation is predominated by M2 macrophages, 
which produce anti-inflammatory cytokines such as 
IL-10 and TGF-β, dominate [28]. This is a time of rapid 
fetal growth and protection against preterm contractions 
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[28]. There are fewer NK cells present in the second tri-
mester, and their numbers continue to decrease until 
they are no longer present [28]. As a result, pregnancy 
enters a state of tolerance, and regulatory proteins con-
trol the function of tolerogenic dendritic cells, expand 
Treg cells, calibrate the function of NK cells, and down-
regulate effector T cells [29]. Towards the end of preg-
nancy, cytokines produced by the innate immune cells 
induce the pro-inflammatory process of parturition. 
Neutrophils and macrophages infiltrate the decidua and 

the chorioamniotic membranes during term labor and 
secrete matrix metalloproteinases, IL-1, IL-6, TNF and 
nitric oxide (Fig. 1) [30].

In women with GDM, studies have shown that mac-
rophage infiltration is significantly increased in the 
omental visceral adipose tissue compared to healthy 
pregnancies, which significantly correlates with maternal 
insulin resistance [31]. This increased infiltration of mac-
rophages is correlated with maternal insulin resistance 
[31]. In addition, overweight women with GDM have an 

Fig. 1  Maternal hormonal, microbial and immunological adaptations over the course of pregnancy. Created with Biorender.com
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increased cytotoxic capacity, as indicated by higher lev-
els of cytotoxic NK cells, and increased production of the 
cytokines IFN-γ and TNF-α, while TGF-β expression is 
reduced, compared to overweight women with uncom-
plicated pregnancies [32]. However, studies have found 
no significant change in the number of peripheral DCs 
in pregnancies with GDM compared to uncomplicated 
pregnancies [33]. Other major immune/metabolic/hor-
monal changes in GDM pregnancies compared to normal 
have been elucidated inFig.  2. Further research into the 
immune pathways involved in GDM may help to further 
elucidate its pathophysiology.

Metabolic changes in pregnancy and GDM
During pregnancy, the body undergoes metabolic 
changes similar to those seen in metabolic syndrome, 
including weight gain, insulin resistance, glucose intol-
erance, and low grade inflammation [34]. Pregnancy 
involves a complex regulation of the endocrine and meta-
bolic systems. The ‘‘maternal anabolic phase’’ of the first 
trimester is marked by an increase in the mother’s energy 
reserves, primarily in the form of lipids, which are stored 
to provide the substrates needed for advanced gestation 
and breastfeeding. ‘‘Maternal catabolic phase’’ or ‘‘fetal 
anabolic phase’’ is the term used to describe the sec-
ond trimester of pregnancy, because it is aimed at fetal 

growth, with a significant reduction of insulin sensitiv-
ity and an increase in maternal concentrations of glucose 
and free fatty acids [35, 36].

The high levels of estrogens, progesterone, and insu-
lin during the first and second trimesters of pregnancy 
also promote lipid deposition [37]. This is facilitated by 
increased expression of lipoprotein lipase and synthesis 
of fatty acids, which allow cells to more easily absorb cir-
culating triacylglycerols [38]. Blood levels of fatty acids, 
triacylglycerols, cholesterol, and phospholipids continue 
to increase throughout the third trimester [39]. How-
ever, due to a shift towards a catabolic state, the accumu-
lation of fat mass slows during the third trimester with 
increased lipolysis of adipose tissue. Lipids become the 
primary energy source for the mother during this time, 
while glucose and amino acids become retained for the 
fetus [37]. During the third trimester of pregnancy, 
there is a progressive reduction in blood glucose levels 
(from 75 to 65  mg/dL) [40]. Despite this drop in blood 
sugar and a 3.0 to 3.5-fold increase in fasting insulin, the 
mother’s liver produces more glucose to meet the carbo-
hydrate needs of the growing fetus and placenta [41, 42]. 
However, women who are obese or have a history GDM 
often have pre-existing insulin resistance that wors-
ens as pregnancy progresses [43]. Compared to women 
with normal glucose tolerance, women with GDM have 

Fig. 2   A portrayal of immune/metabolic and hormonal changes in GDM pregnancy compared to normal pregnancy. Created with Biorender.com. 
↑, increased; ↓, decreased; GDM, gestational diabetes mellitus; NK, natural killer; Th2, T-helper 2 cell; Th1, T-helper 1 cell; Th17, T-helper 17 cell; Treg, 
regulatory T cell
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significantly higher levels of triglycerides, LDL choles-
terol [44–46]. Metabolomics has been recently acknowl-
edged as a helpful tool for the identification of metabolic 
disruptions associated with cardiovascular and metabolic 
diseases, including GDM [47].GDM metabolomics stud-
ies focused mainly on metabolites that are derived from 
amino acids, carbohydrates, lipid metabolites, purines, 
uric acid and bile acid, in addition to its related meta-
bolic pathways [48–52]. These studies showed differen-
tial blood levels of very low density lipoprotein (VLDL), 
high-density lipoprotein (HDL), lysophosphatidylcho-
line (LPC), alanine, glutamate, isoleucine, phenylalanine, 
tyrosine, C14:1(trans-9), cysteine, and Proline which was 
observed as early as first trimester [48–51, 53] indicating 
that differential metabolites levels can act as early diag-
nostic biomarker for GDM.

Microbiome adaptation during pregnancy and GDM
The significance of the maternal microbiota in pregnancy 
has recently come to light due to the discovery of sig-
nificant changes in the composition of the microbiome 
during pregnancy [34]. The effect of alterations in the 
maternal microbiota at different bodily sites (such as the 
gut, vagina, mouth, etc.) on pregnancy complications has 
not been adequately studied, despite the long-standing 
knowledge of pregnancy-related hormonal, metabolic, 
and immunological changes [54, 55]. With a focus on 
GDM, we investigate in this research if there may be a 
link between the maternal microbiome and pregnancy 
complications. During pregnancy, the maternal microbi-
ome undergoes significant changes, as depicted in Fig. 1. 
These changes entail an increase in the microbial diver-
sity and a significant shift in the taxonomic composition 
of the microbial community from the beginning of preg-
nancy until the third trimester [2, 56–59].

The gut microbiome of a pregnant woman undergoes 
changes that result in an increased abundance of certain 
microbial communities, such as Actinobacteria and Pro-
teobacteria, but a decrease in overall alpha diversity [2]. 
Overall, the gut microbiome composition during the first 
trimester, is shown to be similar to the gut microbiome of 
the healthy non-pregnant women which then vary gradu-
ally through the second trimester [2, 34]. In contrast, the 
third-trimester gut microbiota resembles that of individ-
uals with metabolic syndrome or obesity [2]. GDM asso-
ciated changes in the composition of the gut microbiota 
have been observed in the first [60, 61], second [61], third 
trimesters [62, 63], and postpartum period [62]. During 
the first and second trimesters, GDM is associated with a 
lower microbial diversity in the gut, as well as decreased 
relative abundance of Coprococcus and Streptococcus 
[61]. These bacteria produce various metabolites such as 
butyrate and lactate that are necessary for maintaining 

a healthy gut and immune regulation during pregnancy 
[64–66]. Other studies have found that GDM is associ-
ated with an increased abundance of Actinobacteria at 
the phylum level and Collinsella, Rothia, and Desulfovi-
brio at the genus level, and some of these differences in 
the microbiome persisted for up to eight months after 
delivery [62]. Certain opportunistic pathogenic bacteria, 
such as Bacteroides caccae, Bacteroides massiliensis, and 
Bacteroides vulgatus, are higher in abundance in indi-
viduals with GDM and T2D suggesting that these bacte-
ria may play a role in the development of hyperglycemia 
associated with these conditions [67, 68]. Several studies 
have shown correlations between the relative abundance 
of certain gut bacteria and the carbohydrate metabolism. 
For example, Blautia and Eubacterium hallii have been 
positively correlated with fasting blood glucose, while the 
relative abundance of Faecalibacterium was shown to be 
negatively correlated [59, 69] These species may serve as 
biomarkers for GDM, as their abundance is not affected 
by dietary changes. High blood glucose levels have also 
been linked to low levels of the Faecalibacterium/Fuso-
bacterium ratio in the gut [14].

Changes in the vaginal and oral microbiome have also 
been noted during pregnancy [70, 71]. Several studies 
have indicated that microbial dysbiosis may be linked to 
various pregnancy complications [72, 73]. For instance, 
changes in the oral microbiota, such as an increase 
in Porphyromonas gingivalis, may lead to increased 
risk of infections and production of pro-inflammatory 
cytokines, which has been proposed as a contributing 
factor to pregnancy complications such as preterm birth 
(PTB) [58, 74, 75]. Several studies showed an association 
between dysbiotic vaginal microbiota during pregnancy 
and negative pregnancy outcomes such as GDM, preg-
nancy loss, and low birth weight [2, 70, 76–79]. Lacto-
bacillus species are typically the most dominant bacteria 
present in the vagina during normal pregnancy, as they 
can produce lactic acid that helps maintain a low pH and 
prevent the growth of pathogenic bacteria [80]. Some 
studies have shown that higher levels of inflammatory 
cytokines may be associated with an increased presence 
of potential pathogenic bacteria [75, 80]. Those include 
Megasphaera and Eggertella species that have been 
linked to vaginal dysbiosis and pregnancy complications, 
suggesting a possible role in GDM [61, 81]. In addition, 
higher blood glucose levels have been found to be posi-
tively correlated with higher ratios of Prevotella/ Aerococ-
cus in the vagina [14, 82]. Prevotella has been identified 
as a biomarker for preterm delivery [83–85], but further 
research is needed to understand its role in GDM.

Table  1 summarizes the major studies that have used 
16S rRNA gene sequencing to compare the microbiome 
of women with and without GDM.
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Studies have also looked at the interactions between 
the microbiota and other physiological systems that play 
a critical role in pregnancy. For example, it was shown 
that higher levels of progesterone during the third tri-
mester is correlated with an increase in the relative 
abundance of Bifidobacterium in pregnant mice [89] 
highlighting the possible link between Bifidobacteria and 
the dysregulated hormonal balance. Other studies have 
found that the presence of certain genera, including Mar-
vinbryantia, Acetivibrio, Gemminer, Bifidobacterium, 
and Anaerosporobacter, are indicative of normal glucose 
metabolism in pregnant women [62, 67, 90]. Bifidobac-
terium is known to produce metabolites that can modu-
late weight gain, improve insulin sensitivity and glucose 
tolerance, in addition to boosting the immune system 
[91–94]. In addition, levels of both Bifidobacterium and 
Akkermansia have been linked to gestational weight gain 
and high-fat dietary consumption before and during 
pregnancy, [56, 95], highlighting the impact of pre-preg-
nancy dietary intake in modifying the microbiota compo-
sition during pregnancy.

In first trimester overweight pregnant women, ketonu-
ria, a marker of glucose metabolism, has been found to be 
associated with the relative abundance of specific bacte-
ria including Roseburia, Faecalibacterium, and Dialister 
[96]. Previous research done with individuals with type 
2 diabetes (T2D) has also shown decreased presence of 
Roseburia intestinalis and Faecalibacterium prausnitzii 
[68, 97]. Additionally, it has been discovered that, in first 
trimester overweight pregnant women, the genus Collin-
sella is positively correlated with insulin, c-peptide, and 
HOMA-IR (a marker of insulin resistance) [98]. On the 
other hand, the genus Coprococcus has been positively 
associated with the levels of GIP (gastric inhibitory pep-
tide), a hormone that stimulates insulin secretion [98]. 
Additionally, the levels of hemoglobin A1C have been 
found to be positively correlated with the presence of 
Bacteroides and Prevotella [59] suggesting that changes 
in the composition of the gut microbiome may be uti-
lized as clinical indicators to identify people with GDM 
who may require additional therapy. Research shows that 
commensal fungi have the potential to influence host 
metabolism directly [99]. Additionally, GDM has also 
been shown to impact the abundance of certain fungal 
species in the gut microbiota of pregnant women [100, 
101], thus potentially modifying the interaction between 
bacteria and fungi. Recent studies have also found that 
specific bacterial and fungal patterns are associated with 
GDM development during early pregnancy and could 
help to identify women in higher risk of GDM develop-
ment [101]. In regards to the gut microbiota of women 
suffering from GDM complex bacteria-fungi relation-
ships were observed with concomitance of pathogenic 

fungi and pro-inflammatory bacteria, and also the co-
occurrence of beneficial fungi and bacteria [102]. Evi-
dence of dysregulated vaginal mycobiome and poor 
glycemic control was observed in one study with diabetic 
pregnant women demonstrating increased proportion 
of  Candida  spp. accompanied with decreased propor-
tions of Saccharomyces  spp. and uncultured fungi  [103]. 
Further studies are needed to study the dynamic altera-
tion and interaction of the fungal and bacterial compo-
nents in GDM patients. Thus, in addition to the strategies 
that promote a beneficial bacterium the pregnancy myc-
obiota might also offer opportunity for intervention in 
order to improve inflammatory status and insulin resist-
ance and the future health of the offspring.

Role of microbial metabolites in GDM
SCFAs are produced by the gut bacteria via fermentation 
of dietary fibers [65]. SCFAs have been shown to reduce 
metabolic endotoxemia by upregulating the expression of 
tight junction proteins such as ZO-1 and occludin, which 
help to maintain the integrity of the intestinal barrier 
[104]. SCFAs have also been shown to enhance the func-
tion of regulatory T cells (Tregs) in the gut and provide 
strong anti-inflammatory functions essential for main-
taining a healthy pregnancy [105, 106]. The lower abun-
dance of the SCFA-producing genera of Actinobacteria in 
pregnant women with GDM shed the light on the impor-
tance of the bacterial metabolites in suppressing the 
pregnancy associated metabolic endotoxemia [107, 108].

Butyrate mediates anti-inflammatory effects in the 
intestinal mucosa by inhibiting the NF-κB transcription 
factor and activating CX3CR1 in macrophages [66, 105, 
109, 110]. Butyrate also regulates TLR 4 gene expres-
sion by reducing the translocation of LPS and blocking 
LPS-stimulated dendritic cells, as well as enhancing the 
activity of Treg cells and inhibiting the immune response 
against the gut microbiota which is important for main-
taining a healthy pregnancy [66, 105, 109, 110]. Moreo-
ver, butyrate is also reported to maintain the intestinal 
integrity by modulating the intestinal forkhead box pro-
tein P3 FOXP3 [111, 112].

Due to the beneficial effects of probiotics and SCFA in 
maintaining the immune-hemostasis in the gut, many 
clinical trials have been conducted in pregnant women 
with GDM, showing a significant role in controlling the 
glycemic and lipid levels in addition to the levels of the 
inflammatory markers within six weeks of administra-
tion [91, 92, 94, 113] (IRCT201704205623N108). Clinical 
trials have demonstrated that certain probiotic strains, 
such as L. acidophilus and L. casei, can improve the gly-
cemic and lipid control while reducing some inflamma-
tory markers within six weeks of administration [91, 92, 
94, 113] (IRCT201704205623N108). Co-supplementation 
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of probiotics with vitamin D or selenium has also been 
found to be effective in controlling glycemic levels in 
women with GDM [114, 115] (IRCT201706075623N119.
IRCT20171010036697N1). These findings suggest that 
further clinical research is needed to identify potential 
microbiome-based therapies for different types of dia-
betes, including GDM. This suggests that prospective 
clinical studies are vital for the identification of potential 
novel microbiome-based therapeutic strategies for differ-
ent types of diabetes including GDM. Moreover, previous 
studies had also described other gut bacteriome derived 
metabolites including hydroxybutyric acid, isobutyric 
acid, isovaleric acid, valeric acid, caproic acid in addition 
to the secondary bile acids, which showed a significantly 
higher levels in women with GDM, affecting glucose and 
lipid levels [116–119].These metabolites exhibited a posi-
tive correlation with OGTT blood glucose levels during 
the 24–28 weeks of gestation which was combined with 
increased abundance of proinflammatory bacterial spe-
cies [116, 117]. Hydroxybutyric acid and Isovaleric acids 
are branched‐chain fatty acids (BCFAs), produced mainly 
during the fermentation of the branched‐chain amino 
acids (valine, leucine, and isoleucine) by some bacteria 
such as Bacteroides and Clostridium [120]. BCFAs have 
been shown to modulate the mucosal immunity of the 
host by influencing signaling pathways in gut epithelial 
cells [121]. Besides, they can also modulate the expres-
sion of genes that are involved in lipid synthesis and pro-
inflammatory proteins production (mainly IL6) in obese 
individuals indicating that adipocytes inflammation and 
dyslipidemia can be mediated by a dysregulated BCFA 
profile [122]. Also, experimental studies on human and 
rats adipocytes explained the inhibitory role of BCFAs 
(mainly isobutyric acid) in the cAMP‐mediated lipolysis 
and insulin‐stimulated lipogenesis, affecting glucose and 
lipids metabolism in adipocytes [123]. Another study in 
diabetic rats reported an association between the inef-
ficient glucose utilization and mobilization and the 
increased levels of 3-hydroxybutyric acid [124]. These 
studies highlighted the immunomodulatory and meta-
bolic functions of BCFA in case of obesity, and since 
GDM is highly linked with the increased BMI suggesting 
a possible link.

In addition, other gut bacterial metabolites such as 
valine, leucine, isoleucine and tryptophan metabolites 
(kynurenic acid, hydroxy indoleacetic acid and Indole-
propionic acid) exhibited also differential levels in women 
with GDM [125–127]. These metabolites are branched 
chain amino acids that showed to modulate the functions 
of T regulatory cells via mTORC1 dependent mechanism 
affecting different immunometabolic pathways necessary 
to maintain a healthy pregnancy [128].

Although, bile acids are synthesized by the host from 
cholesterol, these primary bile acids undergo meta-
bolic transformation into secondary bile acids by the 
gut microbiota [129]. In regard to GDM, secondary bile 
acids including GUDCA, THDCA + TUDCA, and LCA‐
3S exhibited a significantly higher serum levels, showing 
a positive correlation with glucose and triglyceride blood 
levels indicating a possible link with GDM [116, 125]. 
Bacterial bile acid metabolites such as isoallolithocholic 
acid (isoalloLCA) and 3-oxolithocholic acid (3-oxoLCA) 
were shown to modulate the balance between TH17 and 
Treg cells through the direct binding to retinoid-related 
orphan transcription factor along with enhancing the 
synthesis of the mitochondrial reactive oxygen species 
(mitoROS) in mice [130]. These metabolites are produced 
by a group of Bacteroides species including Parabacte-
roides merdae, Bacteroides dorei and Bacteroides vulga-
tus in addition to members of the  Actinobacteria and 
Firmicutes phyla [131]. These bacteria convert the litho-
cholic acid (LCA) into 3-oxoLCA which in turn utilize 
the nuclear hormone receptor (NR4A1) to promote the 
differentiation of naive Tcells into regulatory T cells (Treg 
cells) [132], indicating the collaborative metabolic role of 
gut microbiota in maintaining the immune hemostasis. 
Interestingly, probiotic supplementation of Lactobacillus 
rhamnosus HN001 reduced the levels of the conjugated 
bile acids (which are the precursors of the secondary bile 
acids) in pregnant women with GDM, this can in turn 
enhance the glycemic control, showing greater effects 
among leaner and older women (age ≥ 35) [133].

A group of the important bacteriome‐derived metabo-
lites is the B vitamins including pyridoxine (vitaminB6), 
folic acid (vitaminB9) and cobalamin (vitaminB12) which 
are de-novo synthesized by the gut microbiota [134, 135]. 
Previous studies in women with GDM indicated a higher 
level of folate during second or third trimester in which 
the higher maternal folate status combined with the B12 
insufficiency can predict a higher risk of GDM [136–139]. 
In contrast, some studies revealed that Folic acid supple-
mentation can protect early pregnant women from the 
risk of GDM, however, the exact dose or duration is yet to 
be identified [140]. Glycemic control by folic acid might 
be mediated via its anti-inflammatory and antioxidant 
effects [141–143], however, its exact mechanistic role in 
controlling hyperglycemia needs further investigations. 
Another important bacteriobiome‐derived metabolite is 
the Trimethylamine N‐oxide (TMAO) which is produce 
from molecules rich in choline [116, 144]. An exploratory 
metabolomic study highlighted a lower plasma TMAO 
concentrations in GDM subjects [145], additionally sup-
plementation of TMAO to a high-fat diet mice showed 
to attenuate insulin signaling pathway in the liver, pro-
moting inflammatory response in adipose tissue, and 
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leading to insulin resistance and diabetes [146]. However, 
previous studies have also found a significantly posi-
tive correlation of the plasma levels of TMAO with the 
risk of GDM [144, 147, 148] thus in order to define the 
mechanistic role of TMAO in GDM further studies are 
required.

In addition, indole derivatives including indoleacetic 
acid (IAA) and indolepropionic acid (IPA) are trypto-
phan metabolites known to be regulated by gut micro-
biota (mainly E.coli and lactobacilli) [149, 150]. Among 
of these metabolites is the Indoleacetaldehyde which 
showed a significantly lower serum levels women with 
GDM [151]. Indoles were shown to modulate immuno-
homeostasis and inflammatory response in the gut affect-
ing gut barrier permeability [150, 152] however, its exact 
role in GDM needs further investigations. These stud-
ies highlighted the significantly differentially expressed 
metabolites associated with the risk of GDM, providing 
insight into the pathogensis of GDM along with its pre-
dictive biomarkers.

Impact of GDM on the development of the neonatal 
microbiome and infant health
Mother is the primary source of infant microbiome with 
the greatest exposure occurring during birth and post-
partum period via both vertical and horizontal transmis-
sion [153, 154]. The first encounters with microbes may 
occur during pregnancy through intrauterine exposure 
which is followed by a significant microbial colonization 
of the newborn at birth [155]. The mother’s vaginal, fecal, 
and skin microbiota are all transferred during this process 
of vertical transmission [7–9, 156]. Recently, Vatanem 
et  al. have shown that a horizontal transfer of maternal 
microbiome mobile genetic elements takes place and 
contributes to shaping-up the offspring gut microbiomes 
[153]. Breastmilk is important for the development and 
maintenance of the infant microbiota after birth [11]. As 
the ‘‘typical’’ newborn microbiome develops, facultative 
anaerobes such as Staphylococcus, Enterobacteriaceae 
and Streptococcus are colonized first followed by obli-
gate anaerobes such as Bifidobacterium, Bacteroides, and 
Clostridium [157]. These anaerobes play an important 
role in early immune maturation and host-gut cross-talk 
[158]. Maternal health status has a significant impact on 
the newborn’s gut microbiota, and early alteration of the 
microbiota has been linked to a number of inflammatory, 
dysmetabolic, allergy, and immune-mediated illnesses in 
later life [159].

Research has shown that infants born to GDM moth-
ers are prone to develop obesity later in life [159]. Com-
pared to infants born to non-GDM mothers, GDM 
infants demonstrate a significant reduction in the gut 
microbial diversity that could be indicative of dysbiosis 

[160]. Thus, in later life these newborns may be prone to 
developing gastrointestinal and metabolic diseases [160]. 
Furthermore, the microbial alterations observed in both 
mothers and neonates tend to be more similar in GDM 
effected pregnancies compared to controls, suggesting 
an intergenerational succession of microbial variations 
associated with GDM [14]. Table 2 summarizes the stud-
ies examining the gut microbiome of neonates/infants of 
GDM mothers compared to controls.

Aberrant oral microbial composition in newborn was 
also linked to maternal GDM [161] and studies have 
revealed that the oral microbiome of infants born to 
mothere with GDM is enriched with specific bacteria, 
such as Alistipes and Lactobacillus, which are also preva-
lent in the gut microbiota of women with GDM and are 
linked to excessive weight gain during pregnancy [161]. 
While these variations typically vanish as the child gets 
older, some studies have found a relationship between 
maternal GDM and changes in the oral microbiota of 
neonates [162]. However, the above studies lack stand-
ardization of methodology, are not controlled for con-
founding variables and other factors that could affect 
the results. Thus, to better understand the relationship 
between GDM and the infant microbiome, carefully 
planned large scale cohorts and longitudinal studies are 
needed.

Microbiota‑based therapy
There are several ways in which the gut microbial com-
position and function can be modulated, with untar-
geted intervention such as diet intervention, syn-, pre-, 
pro-, and post-biotics, microbiota transfer, or by targeted 
interventions with certain drugs, phage therapy etc. 
Although mild changes in diet may only produce minimal 
changes in the gut microbiome [167], extreme changes 
in diet can lead to significant and reproducible shifts in 
microbial composition [168]. In some cases, personalized 
interventions may be necessary to improve blood glucose 
control and reduce the risk of metabolic disease [169]. 
For example, research has shown that women with GDM 
who followed dietary recommendations had reduced lev-
els of Bacteroides and showed a better glycemic control 
[59].

Prebiotics are non-digestible substances that are selec-
tively used by the gut microbes to produce health ben-
efits for the host [170]. Fermentable fibers such as inulin, 
fructo-oligosaccharides, and galacto-oligosaccharides 
are commonly used as prebiotics [170]. Supplementation 
with inulin or inulin-propionate ester has been shown to 
improve insulin resistance in overweight or obese indi-
viduals [171]. In addition, inulin-type fructans have been 
shown to improve fasting blood glucose, glycosylated 
hemoglobin, and fasting insulin levels in prediabetic and 
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type 2 diabetic patients [172]. While the benefits of prebi-
otics in metabolic disease have been demonstrated, fur-
ther research is needed to fully understand their effects 
on the host [173].

Probiotics are live microorganisms that have a ben-
eficial effect on the host when consumed in adequate 
amounts. Bifidobacterium and Lactobacillus are com-
mon types of probiotics that have been tested in 
numerous randomized placebo-controlled trials in T2D 
individuals, with results suggesting that probiotic inter-
vention can improve glucose homeostasis [174–176]. 
The potential benefits of probiotics have also been 
explored in women with GDM, a meta-analysis of ran-
domized controlled trials has shown significant reduc-
tions in homeostatic Model Assessment of Insulin 
Resistance (HOMA-IR), fasting blood sugar (FBS) [177] 
inflammatory markers such as CRP, TNF-α, and IL-6 
[178] upon probiotic supplementation in women with 
GDM compared to placebo [94, 177, 178]. The benefi-
cial effects of probiotics may sometimes require the co-
administration of other microorganisms or substrates, 
leading to the creation of synbiotics. Synbiotic is 
defined as “a mixture comprising live microorganisms 
and substrate(s) selectively utilized by host microor-
ganisms that confers a health benefit on the host” [177]. 

A synbiotic containing inulin, Akkermansia muciniph-
ila, Clostridium beijerinckii, Clostridium butyricum, 
Bifidobacterium infantis, and Anaerobutyricum hallii 
improved glucose metabolism after a standard 3 h meal 
tolerance test in T2D individuals, and was associated 
with altered fecal gut microbial composition, specifi-
cally increased levels of A. muciniphila and B. infantis 
[179].

Postbiotics are inanimate microorganisms or their com-
ponents that produce health benefits when consumed 
[180]. Supplementation with purified microbial metabo-
lites, such as butyrate, alone or in combination with inu-
lin, has been shown to have some beneficial effects on 
inflammatory status and cardiometabolic phenotypes in 
humans [181–183]. Infusions of SCFA mixtures have also 
been shown to increase fat oxidation, energy expenditure 
In overweight/obese men [184]. These findings suggest 
that microbiota-derived metabolites may improve host 
metabolism. More research is needed to investigate the 
efficacy and safety of SCFAs in preventing insulin resist-
ance and inflammation associated with GDM. Postbiotics 
are pasteurized versions of probiotics or parts of micro-
bial strains with health-promoting effects [185]. A pilot 
trial of pasteurized A. muciniphila and its membrane 

Table 2  Neonatal microbial signatures and GDM

 Decrease in relative abundance

 Increase in relative abundance

Study/PMID Location Sample source Subject details Sequencing methodology Main findings (Microbiota 
Signatures in GDM) 
compared to controls

[163] China Meconium sample 418 Mother-infant (147 with 
GDM and 271 normal preg-
nant women)

16S rRNA sequencing (V3 
region)

Alpha diversity
Proteobacteria
Firmicutes

[164] USA 2 weeks infant stool sample 46 Mother-infant (13 with 
GDM and 33 normal pregnant 
women)

16S rRNA sequencing (V1-V2 
region)

Lactobacillus
Flavonifractor
Erysipelotrichaceae
Phascolarctobacterium

[165] China Meconium samples 120 Mother-infants (60 with 
GDM and 60 normal pregnant 
women)

16S rRNA sequencing (V3 
region)

Alpha and beta diversity
Enhydrobacter, Psychrobacter, 

Aerococcus, Faecalibacterium, 
Herbaspirillum, Pelomonas, 
Burkholderia-Caballeronia-
Paraburkholderia

Xanthobacter, Cytophaga, Ser-
ratia, and Actinomyces

[166] Brazil Meconium samples 84 Obese mothers with 
infants (40 with GDM and 44 
normal pregnant women)

16S rRNA gene sequencing 
(V4 region

No significant difference in 
diversity or taxonomy was 
observed

[14] China Meconium samples 83 Infant meconium samples 
from GDM and non GDM 
mothers

16S rRNA gene sequencing 
(V3-V4)

Enterobacter, Hydrogenophilus, 
Weissella

Corynebacterium, Escherichia, 
Enhydrobacter, Bacteroides, 
Brevundimonas, Paracoccus, 
Schiegelella, Enterococcus
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protein amuc_1100 showed positive effects on markers of 
human metabolism [186].

Several studies have investigated the use of fecal micro-
biota transplant (FMT) as a potential treatment for 
improving metabolic parameters. In one study, obese 
individuals with metabolic syndrome experienced an 
improvement in insulin sensitivity 6  weeks after receiv-
ing FMT with microbiota from lean donors [187]. In con-
trast, FMT with autologous microbiota did not improve 
insulin sensitivity. Other studies have also shown that 
FMT from lean donors can have a temporary positive 
effect on insulin sensitivity in obese individuals with met-
abolic syndrome, without causing significant changes in 
other metabolic parameters [188]. Another study in mice 
suggested that FMT from individuals with GDM could 
alter the recipient’s metabolism [189]. However, further 
research is needed to fully understand the impact of FMT 
on metabolic diseases.

Bacteriophages, or phages, are viruses that can infect 
and kill specific pathogenic bacteria [190]. Phage therapy 
involves the use of these viruses to target and eliminate 
harmful bacteria, and it has been suggested that they 
may be used in the future to target dysbiotic parts of 
the microbiome in individuals with metabolic disorders 
[190]. CRISPR-Cas systems are the adaptive immune 
systems of bacteria and archaea that can be used to engi-
neer probiotic strains of bacteria, eliminate target bacte-
ria, or modify gene expression [191, 192]. However, the 

potential unintended consequences of such therapies 
need to be carefully considered.

Another approach to modifying the microbiome for the 
treatment of metabolic disorders is the use of drugs that 
target microbial metabolites or mimic their effects. For 
example, animal studies have shown that engineered E. 
coli that overexpress the satiety factor N-acylphosphati-
dylethanolamine can alleviate high-fat diet-induced obe-
sity, insulin resistance, and hepatosteatosis in mice, and 
a genetically modified L. gasseri strain that can express 
and secrete glucagon-like peptide 1 (GLP-1) can increase 
insulin release and reduce hyperglycemia in rats with 
diabetes [193]. The use of microbiota-based therapies 
(summarized in Fig.  3) for the treatment of metabolic 
disorders is an active area of research, and although there 
are limitations to the current preclinical and clinical find-
ings, focused research on these topics may revolutionize 
treatments in the future.

Conclusion
Recent research has suggested that the microbiome plays 
an important role in the development and management 
of GDM. However, specific mechanisms by which the 
microbiome affects metabolism and how it may be mod-
ulated to improve health in women with GDM remain 
unknown. To better understand these relationships, it 
is important to design multi-omics studies aiming to 

Fig. 3  Gut microbiome and host-directed interventions for holistic control of metabolic health. Dietary interventions, prebiotics, probiotics, 
symbiotic, antibiotics, fecal microbiota transplantation, phage therapy, live biotherapeutics and microbiota-based medicines. Created with 
Biorender.com
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dissect the pathophysiology of GDM in large pregnancy 
cohorts.

Additionally, well-powered, long-term randomized 
controlled trials with well-controlled groups of pregnant 
women with GDM will define the short and long-term 
dynamics of the microbiome and its interactions with 
other contributing factors. A complete understanding of 
the role of the microbiome in the development and man-
agement of GDM can pave the path to new ways to main-
tain metabolic health and prevent or treat GDM.

Author contributions
PS, DE and SAK wrote the first draft. II and HA reviewed the manuscript and 
provided clinical advice. All authors revised the final version. All authors read 
and approved the final manuscript.

Funding and acknowledgements
Open Access funding provided by the Qatar National Library. This project is 
financially supported by funds from Sidra Medicine to Dr. Souhaila Al-Khodor.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors reviewed the final version of the manuscript and approved it for 
publication.

Competing interests
The authors declare no competing interest.

Received: 5 February 2023   Accepted: 26 May 2023

References
	 1.	 Mor G, Aldo P, Alvero AB. The unique immunological and microbial 

aspects of pregnancy. Nat Rev Immunol. 2017;17(8):469–82.
	 2.	 Koren O, et al. Host remodeling of the gut microbiome and metabolic 

changes during pregnancy. Cell. 2012;150(3):470–80.
	 3.	 Aghaeepour N, et al. An immune clock of human pregnancy. Sci Immu-

nol. 2017;2(15):2946.
	 4.	 Moran NA. Symbiosis. Curr Biol. 2006;16(20):R866–71.
	 5.	 Mueller NT, et al. The infant microbiome development: mom matters. 

Trends Mol Med. 2015;21(2):109–17.
	 6.	 Kageyama S, et al. High-level acquisition of maternal oral bacteria in 

formula-fed infant oral microbiota. mBio. 2022;13(1):e03452-21.
	 7.	 Bäckhed F, et al. Dynamics and stabilization of the human gut microbi-

ome during the first year of life. Cell Host Microbe. 2015;17(6):852.
	 8.	 Ferretti P, et al. Mother-to-infant microbial transmission from different 

body sites shapes the developing infant gut microbiome. Cell Host 
Microbe. 2018;24(1):133-145.e5.

	 9.	 Dominguez-Bello MG, et al. Delivery mode shapes the acquisition 
and structure of the initial microbiota across multiple body habitats in 
newborns. Proc Natl Acad Sci. 2010;107(26):11971–5.

	 10.	 Doyle RM, et al. Bacterial communities found in placental tissues are 
associated with severe chorioamnionitis and adverse birth outcomes. 
PLoS ONE. 2017;12(7): e0180167.

	 11.	 Moossavi S, et al. Composition and variation of the human milk 
microbiota are influenced by maternal and early-life factors. Cell Host 
Microbe. 2019;25(2):324-335.e4.

	 12.	 Dunlop AL, et al. Maternal microbiome and pregnancy outcomes that 
impact infant health: a review. Adv Neonatal Care. 2015;15(6):377–85.

	 13.	 McIntyre HD, et al. Gestational diabetes mellitus. Nat Rev Dis Primers. 
2019;5(1):1–19.

	 14.	 Wang J, et al. Dysbiosis of maternal and neonatal microbiota associated 
with gestational diabetes mellitus. Gut. 2018;67(9):1614–25.

	 15.	 Lemas DJ, et al. Alterations in human milk leptin and insulin are associ-
ated with early changes in the infant intestinal microbiome. Am J Clin 
Nutr. 2016;103(5):1291–300.

	 16.	 Lynch SV, Pedersen O. The human intestinal microbiome in health and 
disease. N Engl J Med. 2016;375(24):2369–79.

	 17.	 Amabebe E, et al. Microbial dysbiosis-induced obesity: role of 
gut microbiota in homoeostasis of energy metabolism. Br J Nutr. 
2020;123:1127–37.

	 18.	 Cole LA. Biological functions of hCG and hCG-related molecules. Repro-
ductive Biol Endocrinol RB&E. 2010;8:102–102.

	 19.	 Shah NM, et al. Progesterone-related immune modulation of preg-
nancy and labor. Front Endocrinol. 2019;10:198–198.

	 20.	 Napso T, et al. The role of placental hormones in mediating maternal 
adaptations to support pregnancy and lactation. Frontiers Physiol. 
2018. https://​doi.​org/​10.​3389/​fphys.​2018.​01091.

	 21.	 Sayin NC, et al. The association of triple-marker test results with adverse 
pregnancy outcomes in low-risk pregnancies with healthy newborns. 
Arch Gynecol Obstet. 2008;277(1):47–53.

	 22.	 Guyton, A.C. and J.E. Hall, Tratado de Fisiología Médica T. 2. La Habana: 
Editorial Ciencias Médicas, 1996. 530.

	 23.	 Nadal A, et al. The role of oestrogens in the adaptation of islets to 
insulin resistance. J Physiol. 2009;587(Pt 21):5031–7.

	 24.	 Grigorakis SI, et al. Hormonal parameters in gestational diabetes mel-
litus during the third trimester: high glucagon levels. Gynecol Obstet 
Invest. 2000;49(2):106–9.

	 25.	 PrabhuDas M, et al. Immune mechanisms at the maternal-fetal inter-
face: perspectives and challenges. Nat Immunol. 2015;16(4):328–34.

	 26.	 Alijotas-Reig J, et al. Tumor Necrosis factor-alpha and pregnancy focus 
on biologics an updated and comprehensive review. Clin Rev Allergy 
Immunol. 2017;53(1):40–53.

	 27.	 Yockey LJ, Iwasaki A. Interferons and proinflammatory cytokines in 
pregnancy and fetal development. Immunity. 2018;49(3):397–412.

	 28.	 Jena MK, et al. Role of macrophages in pregnancy and related compli-
cations. Arch Immunol Ther Exp. 2019;67(5):295–309.

	 29.	 Förger F, Villiger PM. Immunological adaptations in pregnancy that 
modulate rheumatoid arthritis disease activity. Nat Rev Rheumatol. 
2020;16(2):113–22.

	 30.	 Gomez-Lopez N, et al. Immune cells in term and preterm labor. Cell Mol 
Immunol. 2014;11(6):571–81.

	 31.	 Harlev A, et al. Macrophage infiltration and stress-signaling in omental 
and subcutaneous adipose tissue in diabetic pregnancies. J Matern 
Fetal Neonatal Med. 2014;27(12):1189–94.

	 32.	 Lobo TF, et al. Impaired Treg and NK cells profile in overweight women 
with gestational diabetes mellitus. Am J Reprod Immunol. 2018;79(3): 
e12810.

	 33.	 Friebe-Hoffmann U, et al. Peripheral immunological cells in pregnant 
women and their change during diabetes. Exp Clin Endocrinol Diabe-
tes. 2017;125(10):677–83.

	 34.	 Nuriel-Ohayon M, Neuman H, Koren O. Microbial changes during preg-
nancy, birth, and infancy. Front Microbiol. 2016;7:1031.

	 35.	 Zeng Z, Liu F, Li S. Metabolic adaptations in pregnancy: a review. Ann 
Nutr Metab. 2017;70(1):59–65.

	 36.	 Kirwan JP, et al. Reversal of insulin resistance postpartum is linked to 
enhanced skeletal muscle insulin signaling. J Clin Endocrinol Metab. 
2004;89(9):4678–84.

	 37.	 Butte NF. Carbohydrate and lipid metabolism in pregnancy: nor-
mal compared with gestational diabetes mellitus. Am J Clin Nutr. 
2000;71(5):1256S-1261S.

	 38.	 Knopp RH, et al. Lipoprotein metabolism in pregnancy, fat transport to 
the fetus, and the effects of diabetes. Biol Neonate. 1986;50(6):297–317.

	 39.	 Armistead B, et al. Placental regulation of energy homeostasis during 
human pregnancy. Endocrinology. 2020;161(7):bqaa076.

https://doi.org/10.3389/fphys.2018.01091


Page 13 of 16Singh et al. Journal of Translational Medicine          (2023) 21:364 	

	 40.	 Kalhan S, et al. Glucose turnover and gluconeogenesis in human preg-
nancy. J Clin Investig. 1997;100(7):1775–81.

	 41.	 Catalano PM, et al. Longitudinal changes in insulin release and insulin 
resistance in nonobese pregnant women. Am J Obstet Gynecol. 
1991;165(6):1667–72.

	 42.	 Catalano PM, et al. Longitudinal changes in basal hepatic glucose 
production and suppression during insulin infusion in normal pregnant 
women. Am J Obstet Gynecol. 1992;167(4 Pt 1):913–9.

	 43.	 Parrettini S, Caroli A, Torlone E. Nutrition and metabolic adaptations 
in physiological and complicated pregnancy: focus on obesity and 
gestational diabetes. Front Endocrinol. 2020;11:611929–611929.

	 44.	 Barat S, et al. Triglyceride to HDL cholesterol ratio and risk for ges-
tational diabetes and birth of a large-for-gestational-age newborn. 
Caspian J Intern Med. 2018;9(4):368–75.

	 45.	 Khosrobeigi A. Serum values of atherogenic index of plasma and 
lipid ratios in gestational diabetes mellitus. Iran J Obst Gynecol Infert. 
2016;19(8):6–13.

	 46.	 Liang Z, et al. Insulin resistance and lipid profile during an oral glucose 
tolerance test in women with and without gestational diabetes mel-
litus. J Obstet Gynaecol. 2016;36(3):337–9.

	 47.	 Muthubharathi BC, Gowripriya T, Balamurugan K. Metabolomics: small 
molecules that matter more. Mol Omics. 2021;17(2):210–29.

	 48.	 Mokkala K, et al. Distinct metabolic profile in early pregnancy of 
overweight and obese women developing gestational diabetes. J Nutr. 
2020;150(1):31–7.

	 49.	 Jiang R, et al. Amino acids levels in early pregnancy predict subsequent 
gestational diabetes. J Diabetes. 2020;12(7):503–11.

	 50.	 Liu J, et al. Circulating lysophosphatidylcholines in early pregnancy and 
risk of gestational diabetes in chinese women. J Clin Endocrinol Metab. 
2020;105(4):e982.

	 51.	 Hou W, et al. Development of multimarker diagnostic models from 
metabolomics analysis for gestational diabetes mellitus (GDM). Mol Cell 
Proteom. 2018;17(3):431–41.

	 52.	 Zhao H, et al. Large-scale longitudinal metabolomics study reveals 
different trimester-specific alterations of metabolites in relation to 
gestational diabetes mellitus. J Proteome Res. 2019;18(1):292–300.

	 53.	 Wang Q-Y, et al. Current progress in metabolomics of gestational diabe-
tes mellitus. World J Diabetes. 2021;12(8):1164.

	 54.	 Robinson DP, Klein SL. Pregnancy and pregnancy-associated hormones 
alter immune responses and disease pathogenesis. Horm Behav. 
2012;62(3):263–71.

	 55.	 Jenkins BJ, et al. Does Altered cellular metabolism underpin the normal 
changes to the maternal immune system during pregnancy? Immuno-
metabolism. 2021;3(4): e210031.

	 56.	 Gohir W, et al. Pregnancy-related changes in the maternal gut micro-
biota are dependent upon the mother’s periconceptional diet. Gut 
Microbes. 2015;6(5):310–20.

	 57.	 Collado MC, et al. Distinct composition of gut microbiota during 
pregnancy in overweight and normal-weight women. Am J Clin Nutr. 
2008;88(4):894–9.

	 58.	 Kim J, Amar S. Periodontal disease and systemic conditions: a bidirec-
tional relationship. Odontology. 2006;94(1):10–21.

	 59.	 Ferrocino I, et al. Changes in the gut microbiota composition during 
pregnancy in patients with gestational diabetes mellitus (GDM). Sci 
Rep. 2018;8(1):12216.

	 60.	 Ma S, et al. Alterations in gut microbiota of gestational diabetes 
patients during the first trimester of pregnancy. Front Cell Infect Micro-
biol. 2020;10:58.

	 61.	 Zheng W, et al. Gestational diabetes mellitus is associated with reduced 
dynamics of gut microbiota during the first half of pregnancy. MSys-
tems. 2020;5(2):e00109-e120.

	 62.	 Crusell MKW, et al. Gestational diabetes is associated with change in 
the gut microbiota composition in third trimester of pregnancy and 
postpartum. Microbiome. 2018;6(1):1–19.

	 63.	 Xu Y, et al. Differential intestinal and oral microbiota features associated 
with gestational diabetes and maternal inflammation. Am J Physiol 
Endocrinol Metab. 2020;319(2):E247–53.

	 64.	 Kumar M, et al. Microbiome as an immunological modifier. Methods 
Mol Biol. 2020;2055:595–638.

	 65.	 Marino E, et al. Gut microbial metabolites limit the frequency of 
autoimmune T cells and protect against type 1 diabetes. Nat Immunol. 
2017;18(5):552–62.

	 66.	 Meng X, et al. Microbe-metabolite-host axis, two-way action in the 
pathogenesis and treatment of human autoimmunity. Autoimmun 
Rev. 2019;18(5):455–75.

	 67.	 Festa C, et al. Flash on gut microbiome in gestational diabetes: a pilot 
study. New Microbiol. 2020;43(4):195–7.

	 68.	 Qin J, et al. A metagenome-wide association study of gut microbiota 
in type 2 diabetes. Nature. 2012;490(7418):55–60.

	 69.	 Ye G, et al. The gut microbiota in women suffering from gestational 
diabetes mellitus with the failure of glycemic control by lifestyle 
modification. J Diabetes Res. 2019;2019:6081248.

	 70.	 Aagaard K, et al. A metagenomic approach to characterization of the 
vaginal microbiome signature in pregnancy. PLoS ONE. 2012;7(6): 
e36466.

	 71.	 Offenbacher S, et al. Progressive periodontal disease and risk of very 
preterm delivery. Obstet Gynecol. 2006;107(1):29–36.

	 72.	 Seong HS, et al. The frequency of microbial invasion of the amniotic 
cavity and histologic chorioamnionitis in women at term with 
intact membranes in the presence or absence of labor. Am J Obstet 
Gynecol. 2008;199(4):375.

	 73.	 Han YW, et al. Term stillbirth caused by oral Fusobacterium nuclea-
tum. Obstet Gynecol. 2010;115(2 Pt 2):442–5.

	 74.	 Lajos GJ, et al. Cervical bacterial colonization in women with preterm 
labor or premature rupture of membranes. Rev Bras Ginecol Obstet. 
2008;30(8):393–9.

	 75.	 Cortez RV, et al. Microbiome and its relation to gestational diabetes. 
Endocrine. 2019;64(2):254–64.

	 76.	 DiGiulio DB, et al. Temporal and spatial variation of the 
human microbiota during pregnancy. Proc Natl Acad Sci USA. 
2015;112(35):11060–5.

	 77.	 Goltsman DSA, et al. Metagenomic analysis with strain-level resolu-
tion reveals fine-scale variation in the human pregnancy microbi-
ome. Genome Res. 2018;28(10):1467–80.

	 78.	 de Weerth C, Fuentes S, de Vos WM. Crying in infants: on the pos-
sible role of intestinal microbiota in the development of colic. Gut 
Microbes. 2013;4(5):416–21.

	 79.	 Romero R, et al. The vaginal microbiota of pregnant women who 
subsequently have spontaneous preterm labor and delivery and 
those with a normal delivery at term. Microbiome. 2014;2:18.

	 80.	 Taddei CR, et al. Microbiome in normal and pathological pregnan-
cies: a literature overview. Am J Reprod Immunol. 2018;80(2): e12993.

	 81.	 Ravel J, et al. Vaginal microbiome of reproductive-age women. Proc 
Natl Acad Sci USA. 2011;108(Suppl 1):4680–7.

	 82.	 Zeng Q, et al. Discrepant gut microbiota markers for the classification 
of obesity-related metabolic abnormalities. Sci Rep. 2019;9(1):13424.

	 83.	 Brown RG, et al. Establishment of vaginal microbiota composition 
in early pregnancy and its association with subsequent preterm 
prelabor rupture of the fetal membranes. Transl Res. 2019;207:30–43.

	 84.	 Fettweis JM, et al. The vaginal microbiome and preterm birth. Nat 
Med. 2019;25(6):1012–21.

	 85.	 Callahan BJ, et al. Replication and refinement of a vaginal microbial 
signature of preterm birth in two racially distinct cohorts of US 
women. Proc Natl Acad Sci USA. 2017;114(37):9966–71.

	 86.	 Fugmann M, et al. The stool microbiota of insulin resistant women 
with recent gestational diabetes, a high risk group for type 2 diabe-
tes. Sci Rep. 2015;5:13212.

	 87.	 Crusell MKW, et al. Gestational diabetes and the human salivary 
microbiota: a longitudinal study during pregnancy and postpartum. 
BMC Pregnancy Childbirth. 2020;20(1):69.

	 88.	 Zhang X, et al. Association of gestational diabetes mellitus and 
abnormal vaginal flora with adverse pregnancy outcomes. Medicine. 
2018;97(34): e11891.

	 89.	 Nuriel-Ohayon M, et al. Progesterone increases bifidobacterium rela-
tive abundance during late pregnancy. Cell Rep. 2019;27(3):730–6.

	 90.	 Chen T, et al. Relationships between gut microbiota, plasma 
glucose and gestational diabetes mellitus. J Diabetes Investig. 
2021;12(4):641–50.

	 91.	 Babadi M, et al. The effects of probiotic supplementation on genetic 
and metabolic profiles in patients with gestational diabetes mellitus: 



Page 14 of 16Singh et al. Journal of Translational Medicine          (2023) 21:364 

a randomized, double-blind. Placebo-Controlled Trial Probiotics 
Antimicrob Proteins. 2019;11(4):1227–35.

	 92.	 Badehnoosh B, et al. The effects of probiotic supplementation on bio-
markers of inflammation, oxidative stress and pregnancy outcomes in 
gestational diabetes. J Matern Fetal Neonatal Med. 2018;31(9):1128–36.

	 93.	 Karamali M, et al. The effects of synbiotic supplementation on 
pregnancy outcomes in gestational diabetes. Probiotics Antimicrob 
Proteins. 2018;10(3):496–503.

	 94.	 Karamali M, et al. Effects of probiotic supplementation on glycaemic 
control and lipid profiles in gestational diabetes: a randomized, double-
blind, placebo-controlled trial. Diabetes Metab. 2016;42(4):234–41.

	 95.	 Santacruz A, et al. Gut microbiota composition is associated with body 
weight, weight gain and biochemical parameters in pregnant women. 
Br J Nutr. 2010;104(1):83–92.

	 96.	 Robinson H, et al. Ketonuria Is associated with changes to the abun-
dance of roseburia in the gut microbiota of overweight and obese 
women at 16 weeks gestation: a cross-sectional observational study. 
Nutrients. 2019. https://​doi.​org/​10.​3390/​nu110​81836.

	 97.	 Karlsson FH, et al. Gut metagenome in European women with normal, 
impaired and diabetic glucose control. Nature. 2013;498(7452):99–103.

	 98.	 Gomez-Arango LF, et al. Connections between the gut microbiome 
and metabolic hormones in early pregnancy in overweight and obese 
women. Diabetes. 2016;65(8):2214–23.

	 99.	 Shah S, et al. Alterations of the gut mycobiome in patients with MS. 
EBioMedicine. 2021;71: 103557.

	100.	 Mo H, et al. The gut mycobiome characterization of gestational 
diabetes mellitus and its association with dietary intervention. Front 
Microbiol. 2022;13: 892859.

	101.	 Vavreckova M, et al. Specific gut bacterial and fungal microbiota 
pattern in the first half of pregnancy is linked to the development of 
gestational diabetes mellitus in the cohort including obese women. 
Front Endocrinol. 2022;13: 970825.

	102.	 Ferrocino I, et al. Mycobiota composition and changes across preg-
nancy in patients with gestational diabetes mellitus (GDM). Sci Rep. 
2022;12(1):9192.

	103.	 Zheng NN, et al. Characterization of the vaginal fungal flora in pregnant 
diabetic women by 18S rRNA sequencing. Eur J Clin Microbiol Infect 
Dis. 2013;32(8):1031–40.

	104.	 Elamin EE, et al. Short-chain fatty acids activate AMP-activated protein 
kinase and ameliorate ethanol-induced intestinal barrier dysfunction in 
Caco-2 cell monolayers. J Nutr. 2013;143(12):1872–81.

	105.	 Furusawa Y, et al. Commensal microbe-derived butyrate 
induces the differentiation of colonic regulatory T cells. Nature. 
2013;504(7480):446–50.

	106.	 Ohira H, et al. Butyrate attenuates inflammation and lipolysis gener-
ated by the interaction of adipocytes and macrophages. J Atheroscler 
Thromb. 2013;20(5):425–42.

	107.	 Hu P, et al. Association of gut microbiota during early pregnancy with 
risk of incident gestational diabetes mellitus. J Clin Endocrinol Metab. 
2021;106(10):e4128–41.

	108.	 Kahr MK, et al. SERUM GLP-2 is Increased in association with excess 
gestational weight gain. Am J Perinatol. 2021. https://​doi.​org/​10.​1055/s-​
0041-​17288​28.

	109.	 Arpaia N, et al. Metabolites produced by commensal bacteria promote 
peripheral regulatory T-cell generation. Nature. 2013;504(7480):451–5.

	110.	 Aljutaily T, et al. Gut microbiota metabolites for sweetening type I 
diabetes. Cell Mol Immunol. 2018;15(2):92–5.

	111.	 Al Nabhani Z, et al. A weaning reaction to microbiota is required 
for resistance to immunopathologies in the adult. Immunity. 
2019;50(5):1276–88.

	112.	 de Goffau MC, et al. Aberrant gut microbiota composition at the onset 
of type 1 diabetes in young children. Diabetologia. 2014;57(8):1569–77.

	113.	 Ahmadi S, et al. The effects of synbiotic supplementation on mark-
ers of insulin metabolism and lipid profiles in gestational diabetes: 
a randomised, double-blind, placebo-controlled trial. Br J Nutr. 
2016;116(8):1394–401.

	114.	 Jamilian M, Amirani E, Asemi Z. The effects of vitamin D and probiotic 
co-supplementation on glucose homeostasis, inflammation, oxidative 
stress and pregnancy outcomes in gestational diabetes: a randomized, 
double-blind, placebo-controlled trial. Clin Nutr. 2019;38(5):2098–105.

	115.	 Amirani E, Asemi Z, Taghizadeh M. The effects of selenium plus probiot-
ics supplementation on glycemic status and serum lipoproteins in 
patients with gestational diabetes mellitus: a randomized, double-
blind, placebo-controlled trial. Clin Nutr ESPEN. 2022;48:56–62.

	116.	 Gao Y, et al. Alterations of gut microbiota-derived metabolites in 
gestational diabetes mellitus and clinical significance. J Clin Lab Anal. 
2022;36(4): e24333.

	117.	 Ye D, et al. Integrative metagenomic and metabolomic analyses 
reveal gut microbiota-derived multiple hits connected to develop-
ment of gestational diabetes mellitus in humans. Gut Microbes. 
2023;15(1):2154552.

	118.	 de Seymour JV, et al. Early pregnancy metabolite profiling discovers a 
potential biomarker for the subsequent development of gestational 
diabetes mellitus. Acta Diabetol. 2014;51(5):887–90.

	119.	 Lu W, et al. Discovery of metabolic biomarkers for gestational diabetes 
mellitus in a Chinese population. Nutr Metab. 2021;18(1):79.

	120.	 Smith EA, Macfarlane GT. Enumeration of amino acid fermenting bac-
teria in the human large intestine: effects of pH and starch on peptide 
metabolism and dissimilation of amino acids. FEMS Microbiol Ecol. 
1998;25(4):355–68.

	121.	 Blachier F, et al. Effects of amino acid-derived luminal metabolites on 
the colonic epithelium and physiopathological consequences. Amino 
Acids. 2007;33(4):547–62.

	122.	 Czumaj A, Śledziński T, Mika A. Branched-chain fatty acids alter the 
expression of genes responsible for lipid synthesis and inflammation in 
human adipose cells. Nutrients. 2022;14(11):2310.

	123.	 Heimann E, et al. Branched short-chain fatty acids modulate 
glucose and lipid metabolism in primary adipocytes. Adipocyte. 
2016;5(4):359–68.

	124.	 Oshida Y, et al. Effect of insulin on intramuscular 3-hydroxybutyrate 
levels in diabetic rats. Horm Metab Res. 1998;30(2):70–1.

	125.	 O’Neill K, et al. Gestational diabetes alters the metabolomic profile 
in 2nd trimester amniotic fluid in a sex-specific manner. Int J Mol Sci. 
2018;19(9):2696.

	126.	 Wang X, et al. Altered gut bacterial and metabolic signatures and 
their interaction in gestational diabetes mellitus. Gut Microbes. 
2020;12(1):1840765.

	127.	 White SL, et al. Metabolic profiling of gestational diabetes in obese 
women during pregnancy. Diabetologia. 2017;60(10):1903–12.

	128.	 Yahsi B, Gunaydin G. Immunometabolism—the role of branched-chain 
amino acids. Front Immunol. 2022;13: 886822.

	129.	 Winston JA, Theriot CM. Diversification of host bile acids by members of 
the gut microbiota. Gut Microbes. 2020;11(2):158–71.

	130.	 Hang S, et al. Bile acid metabolites control TH17 and Treg cell differen-
tiation. Nature. 2019;576(7785):143–8.

	131.	 Li W, et al. A bacterial bile acid metabolite modulates T<sub>reg</
sub> activity through the nuclear hormone receptor NR4A1. Cell Host 
Microbe. 2021;29(9):1366-1377.e9.

	132.	 Paik D, et al. Human gut bacteria produce TH17-modulating bile acid 
metabolites. bioRxiv. 2021;24:425913.

	133.	 Chen Y, et al. Effect of Lactobacillus rhamnosus probiotic in early preg-
nancy on plasma conjugated bile acids in a randomised controlled trial. 
Nutrients. 2021;13(1):209.

	134.	 Hill MJ. Intestinal flora and endogenous vitamin synthesis. Eur J Cancer 
Prev. 1997;6(Suppl 1):S43–5.

	135.	 Magnúsdóttir S, et al. Systematic genome assessment of B-vitamin 
biosynthesis suggests co-operation among gut microbes. Front Genet. 
2015;6:148.

	136.	 Yang Y, Cai Z, Zhang J. Association between maternal folate status and 
gestational diabetes mellitus. Food Sci Nutr. 2021;9(4):2042–52.

	137.	 Li M, et al. Maternal gestational diabetes in singleton pregnancies con-
ceived by ART may be modified by periconceptional B vitamins. Front 
Nutr. 2022;9:1069911.

	138.	 Saravanan P, et al. Association of maternal vitamin B(12) and folate 
levels in early pregnancy with gestational diabetes: a prospective UK 
cohort study (PRiDE study). Diabetologia. 2021;64(10):2170–82.

	139.	 Wang N, et al. The association between maternal b vitamins in early 
pregnancy and gestational diabetes mellitus: a prospective cohort 
study. Nutrients. 2022;14(23):5016.

https://doi.org/10.3390/nu11081836
https://doi.org/10.1055/s-0041-1728828
https://doi.org/10.1055/s-0041-1728828


Page 15 of 16Singh et al. Journal of Translational Medicine          (2023) 21:364 	

	140.	 Chen H, et al. Association of folic acid supplementation in early preg-
nancy with risk of gestational diabetes mellitus: a longitudinal study. 
Nutrients. 2022;14(19):4061.

	141.	 Bagherieh M, et al. Folic acid ameliorates palmitate-induced inflamma-
tion through decreasing homocysteine and inhibiting NF-κB pathway 
in HepG2 cells. Arch Physiol Biochem. 2021. https://​doi.​org/​10.​1080/​
13813​455.​2021.​18785​39.

	142.	 Kumar D, et al. The restrained expression of NF-kB in renal tissue 
ameliorates folic acid induced acute kidney injury in mice. PLoS ONE. 
2015;10(1): e115947.

	143.	 Joshi R, et al. Free radical scavenging behavior of folic acid: evidence for 
possible antioxidant activity. Free Radic Biol Med. 2001;30(12):1390–9.

	144.	 Huo X, et al. Trimethylamine N-oxide metabolites in early pregnancy 
and risk of gestational diabetes: a nested case-control study. J Clin 
Endocrinol Metab. 2019;104(11):5529–39.

	145.	 Diaz SO, et al. Metabolic biomarkers of prenatal disorders: an explora-
tory NMR metabonomics study of second trimester maternal urine and 
blood plasma. J Proteome Res. 2011;10(8):3732–42.

	146.	 Gao X, et al. Dietary trimethylamine N-oxide exacerbates impaired 
glucose tolerance in mice fed a high fat diet. J Biosci Bioeng. 
2014;118(4):476–81.

	147.	 Li P, et al. Plasma concentration of trimethylamine-N-oxide and risk of 
gestational diabetes mellitus. Am J Clin Nutr. 2018;108(3):603–10.

	148.	 McArthur KL, et al. Trimethylamine N-oxide and its precursors are 
associated with gestational diabetes mellitus and pre-eclampsia in the 
boston birth cohort. Current Develop Nutr. 2022;6(7):nzac108.

	149.	 Dodd D, et al. A gut bacterial pathway metabolizes aromatic amino 
acids into nine circulating metabolites. Nature. 2017;551(7682):648–52.

	150.	 Galligan JJ. Beneficial actions of microbiota-derived tryptophan 
metabolites. Neurogastroenterol Motil. 2018;30(2):e13283.

	151.	 Liu T, et al. Comprehensive analysis of serum metabolites in ges-
tational diabetes mellitus by UPLC/Q-TOF-MS. Anal Bioanal Chem. 
2016;408(4):1125–35.

	152.	 Venkatesh M, et al. Symbiotic bacterial metabolites regulate gastro-
intestinal barrier function via the xenobiotic sensor PXR and Toll-like 
receptor 4. Immunity. 2014;41(2):296–310.

	153.	 Vatanen T, et al. Mobile genetic elements from the maternal micro-
biome shape infant gut microbial assembly and metabolism. Cell. 
2022;185(26):4921–36.

	154.	 Yassour M, et al. Strain-level analysis of mother-to-child bacterial 
transmission during the first few months of life. Cell host Microbe. 
2018;24(1):146–54.

	155.	 Younge N, et al. Fetal exposure to the maternal microbiota in humans 
and mice. JCI Insight. 2019. https://​doi.​org/​10.​1172/​jci.​insig​ht.​127806.

	156.	 Matsumiya Y, et al. Molecular epidemiological study of vertical transmis-
sion of vaginal Lactobacillus species from mothers to newborn infants 
in Japanese, by arbitrarily primed polymerase chain reaction. J Infect 
Chemother. 2002;8(1):43–9.

	157.	 Arboleya S, et al. Assessment of intestinal microbiota modulation ability 
of Bifidobacterium strains in in vitro fecal batch cultures from preterm 
neonates. Anaerobe. 2013;19:9–16.

	158.	 Milani C, et al. The first microbial colonizers of the human gut: composi-
tion, activities, and health implications of the infant gut microbiota. 
Microbiol Mol Biol Rev. 2017;81(4):e00036-e117.

	159.	 Zhao P, et al. Maternal gestational diabetes and childhood obe-
sity at age 9–11: results of a multinational study. Diabetologia. 
2016;59(11):2339–48.

	160.	 Su M, et al. Diversified gut microbiota in newborns of mothers with 
gestational diabetes mellitus. PLoS ONE. 2018;13(10): e0205695.

	161.	 He Z, et al. The initial oral microbiota of neonates among subjects with 
gestational diabetes mellitus. Front Pediatr. 2019;7:513.

	162.	 Song Q, et al. Influences of gestational diabetes mellitus on the oral 
microbiota in offspring from birth to 1 month old. BMC Pregnancy 
Childbirth. 2022;22(1):289.

	163.	 Chen T, et al. Gestational diabetes mellitus is associated with the neo-
natal gut microbiota and metabolome. BMC Med. 2021;19(1):120.

	164.	 Soderborg TK, et al. Gestational diabetes is uniquely associated with 
altered early seeding of the infant gut microbiota. Frontiers Endocrinol. 
2020. https://​doi.​org/​10.​3389/​fendo.​2020.​603021.

	165.	 Zhu Q, et al. Role of the gut microbiota in the increased infant body 
mass index induced by gestational diabetes mellitus. mSystems. 
2022;7(5):e00465-22.

	166.	 Dualib PM, et al. The gut microbiome of obese postpartum women 
with and without previous gestational diabetes mellitus and the gut 
microbiota of their babies. Diabetol Metab Syndr. 2022;14(1):194.

	167.	 Korem T, et al. Bread affects clinical parameters and induces gut 
microbiome-associated personal glycemic responses. Cell Metab. 
2017;25(6):1243–53.

	168.	 David LA, et al. Diet rapidly and reproducibly alters the human gut 
microbiome. Nature. 2014;505(7484):559–63.

	169.	 Zeevi D, et al. Personalized nutrition by prediction of glycemic 
responses. Cell. 2015;163(5):1079–94.

	170.	 Gibson GR, et al. Expert consensus document: the international scien-
tific association for probiotics and prebiotics (ISAPP) consensus state-
ment on the definition and scope of prebiotics. Nat Rev Gastroenterol 
Hepatol. 2017;14(8):491–502.

	171.	 Chambers ES, et al. Dietary supplementation with inulin-propionate 
ester or inulin improves insulin sensitivity in adults with overweight and 
obesity with distinct effects on the gut microbiota, plasma metabo-
lome and systemic inflammatory responses: a randomised cross-over 
trial. Gut. 2019;68(8):1430–8.

	172.	 Wang L, et al. Inulin-type fructans supplementation improves glycemic 
control for the prediabetes and type 2 diabetes populations: results 
from a GRADE-assessed systematic review and dose–response 
meta-analysis of 33 randomized controlled trials. J Transl Med. 
2019;17(1):1–19.

	173.	 Hill C, et al. Expert consensus document: the international scientific 
association for probiotics and prebiotics consensus statement on the 
scope and appropriate use of the term probiotic. Nature Rev Gastroen-
terol Hepatol. 2014. https://​doi.​org/​10.​1038/​nrgas​tro.​2014.​66.

	174.	 Rittiphairoj T, et al. Probiotics contribute to glycemic control in patients 
with type 2 diabetes mellitus: a systematic review and meta-analysis. 
Adv Nutr. 2021;12(3):722–34.

	175.	 Tao Y-W, et al. Effects of probiotics on type II diabetes mellitus: a meta-
analysis. J Transl Med. 2020;18(1):1–11.

	176.	 Kocsis T, et al. Probiotics have beneficial metabolic effects in patients 
with type 2 diabetes mellitus: a meta-analysis of randomized clinical 
trials. Sci Rep. 2020;10(1):11787.

	177.	 Jafarnejad S, et al. Effects of a multispecies probiotic mixture on 
glycemic control and inflammatory status in women with gestational 
diabetes: a randomized controlled clinical trial. J Nutr Metab. 2016. 
https://​doi.​org/​10.​1155/​2016/​51908​46.

	178.	 Dolatkhah N, et al. Is there a value for probiotic supplements in gesta-
tional diabetes mellitus? A randomized clinical trial. J Health Popul Nutr. 
2015;33(1):1–8.

	179.	 Perraudeau F, et al. Improvements to postprandial glucose control in 
subjects with type 2 diabetes: a multicenter, double blind, randomized 
placebo-controlled trial of a novel probiotic formulation. BMJ Open 
Diabetes Res Care. 2020. https://​doi.​org/​10.​1136/​bmjdrc-​2020-​001319.

	180.	 Salminen S, et al. The International scientific association of probiot-
ics and prebiotics (ISAPP) consensus statement on the definition and 
scope of postbiotics. Nat Rev Gastroenterol Hepatol. 2021;18(9):649–67.

	181.	 Cleophas M, Joosten LA, et al. Effects of oral butyrate supplementation 
on inflammatory potential of circulating peripheral blood mononuclear 
cells in healthy and obese males. Sci Rep. 2019;9(1):775.

	182.	 Roshanravan N, et al. Effect of butyrate and inulin supplementation 
on glycemic status, lipid profile and glucagon-like peptide 1 level in 
patients with type 2 diabetes: a randomized double-blind, placebo-
controlled trial. Horm Metab Res. 2017;49(11):886–91.

	183.	 Bouter K, et al. Differential metabolic effects of oral butyrate treatment 
in lean versus metabolic syndrome subjects. Clin Transl Gastroenterol. 
2018;9(5):155.

	184.	 Canfora EE, et al. Colonic infusions of short-chain fatty acid mixtures 
promote energy metabolism in overweight/obese men: a randomized 
crossover trial. Sci Rep. 2017;7(1):1–12.

	185.	 Tsilingiri K, et al. Probiotic and postbiotic activity in health and disease: 
comparison on a novel polarised ex-vivo organ culture model. Gut. 
2012;61(7):1007–15.

https://doi.org/10.1080/13813455.2021.1878539
https://doi.org/10.1080/13813455.2021.1878539
https://doi.org/10.1172/jci.insight.127806
https://doi.org/10.3389/fendo.2020.603021
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1155/2016/5190846
https://doi.org/10.1136/bmjdrc-2020-001319


Page 16 of 16Singh et al. Journal of Translational Medicine          (2023) 21:364 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	186.	 Plovier H, et al. A purified membrane protein from Akkermansia mucin-
iphila or the pasteurized bacterium improves metabolism in obese and 
diabetic mice. Nat Med. 2017;23(1):107–13.

	187.	 Vrieze A, et al. Transfer of intestinal microbiota from lean donors 
increases insulin sensitivity in individuals with metabolic syndrome. 
Gastroenterology. 2012;143(4):913–6.

	188.	 Kootte RS, et al. Improvement of insulin sensitivity after lean donor 
feces in metabolic syndrome is driven by baseline intestinal microbiota 
composition. Cell Metab. 2017;26(4):611–9.

	189.	 Liu Y, et al. Perturbations of gut microbiota in gestational diabetes 
mellitus patients induce hyperglycemia in germ-free mice. J Dev Orig 
Health Dis. 2020;11(6):580–8.

	190.	 Paule A, Frezza D, Edeas M. Microbiota and phage therapy: future chal-
lenges in medicine. Medical Scie. 2018;6(4):86.

	191.	 Marraffini LA. CRISPR-cas immunity in prokaryotes. Nature. 
2015;526(7571):55–61.

	192.	 Ramachandran G, Bikard D. Editing the microbiome the CRISPR way. 
Philos Trans R Soc Lond B Biol Sci. 2019;374(1772):20180103.

	193.	 Duan FF, Liu JH, March JC. Engineered commensal bacteria reprogram 
intestinal cells into glucose-responsive insulin-secreting cells for the 
treatment of diabetes. Diabetes. 2015;64(5):1794–803.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Maternal microbiota and gestational diabetes: impact on infant health
	Abstract 
	Introduction
	Pregnancy-related maternal changes
	Hormonal adaptation during pregnancy and GDM
	Pregnancy-associated immune adaptation and GDM
	Metabolic changes in pregnancy and GDM
	Microbiome adaptation during pregnancy and GDM
	Role of microbial metabolites in GDM
	Impact of GDM on the development of the neonatal microbiome and infant health
	Microbiota-based therapy

	Conclusion
	References


