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Pregnancy presents a unique physiological challenge that
requires changes coordinated by placentally and non–
placentally derived hormones to prepare the mother for
the metabolic stress presented by fetal development and
to ensure appropriate nutrient allocation between mother
and fetus. Of particular importance is the maintenance of
normal glucose metabolism during pregnancy. Here, we
describe physiological changes in glucose metabolism
during pregnancy and highlight new insights into these
adaptations that have emerged over the past decade us-
ing novel methodologies, specifically genome-wide asso-
ciation studies (GWAS) and metabolomics. While GWAS
have identified some novel associations with metabolic
traits during pregnancy, the majority of the findings over-
lap with those observed in nonpregnant populations and
individuals with type 2 diabetes (T2D). Metabolomics stud-
ies have provided new insight into key metabolites in-
volved in gestational diabetes mellitus (GDM). Both of
these approaches have suggested that a strong link exists
between GDM and T2D. Most recently, a role of the gut
microbiome in pregnancy has been observed, with
changes in the microbiome during the third trimester hav-
ing metabolic consequences for the mother. In this Per-
spectives in Diabetes article, we highlight how these new
data have broadened our understanding of gestational
metabolism, and emphasize the importance of future
studies to elucidate differences between GDM and T2D.

A major challenge in maternal fetal medicine over the
past few decades has been the increasing prevalence of

gestational diabetes mellitus (GDM) (i.e., new-onset hyper-
glycemia that presents during pregnancy) (1). Exemplifying
the importance of studying GDM is that hyperglycemia
during pregnancy not only increases the risk of maternal
type 2 diabetes (T2D), but also predisposes the developing
fetus to poor metabolic health later in life (2). In this Per-
spectives in Diabetes article, we first highlight key aspects of
normal gestational glucose metabolism. We then describe
new findings that have emerged in recent years spurred by
new technologies (genome-wide association studies [GWAS],
metabolomics, and gut microbiota investigations). Finally,
we place these findings in context with current knowledge
in the field and emphasize new directions emerging from
these investigations.

GESTATIONAL GLUCOSE METABOLISM

Maternal adaptations occur in multiple systems, including
cardiovascular, respiratory, and metabolic, throughout
pregnancy. These maternal adaptations aim to maintain
a healthy balance between the mother and fetus while
ensuring proper fetal development. In the context of
glucose metabolism, these adaptations occur to ensure
adequate shunting of glucose to promote fetal develop-
ment while maintaining adequate maternal nutrition.
This balance in glucose regulation is paramount to
maternal-fetal health during all trimesters of gestation.
Initially during gestation, fasting blood glucose levels drop
due, in part, to dilutional effects as maternal blood volume
increases, remain constant in the second trimester, and
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further decrease during the third trimester (3,4). Increased
glucose utilization by the fetal-placental unit throughout
pregnancy, removing glucose from the maternal circula-
tion, also contributes to the decline (3). During this pe-
riod of increased glucose utilization by the fetal-placental
unit, maternal insulin sensitivity decreases. To compensate
for these changes, both maternal hepatic gluconeogenesis
and fatty acid levels increase (3). While gravid fasting blood
glucose levels remain lower than pregravid fasted levels,
postprandial glucose levels are elevated relative to the pre-
gravid state (5). This elevation is likely a result of impaired
insulin action, leading to diminished postprandial glucose
utilization by the mother (3). Other contributing factors
may include altered pancreatic b-cell–mediated insulin se-
cretion and hepatic gluconeogenesis (3).

Insulin Sensitivity
As one of the key determinants of glucose homeostasis,
peripheral insulin sensitivity is dynamically altered through-
out pregnancy, initially increasing following embryonic
implantation and decreasing markedly later in pregnancy.
The mechanisms underlying the changes in insulin sensi-
tivity have been detailed previously (6).

In brief, during the first weeks of pregnancy, the
presence of the fetal-placental unit causes a drop in growth
hormone levels, resulting in enhanced insulin sensitivity
(6). After this period of increased sensitivity to insulin,
circulating levels of human placental lactogen, placentally
derived human growth hormone (GH-V), progesterone,
cortisol, prolactin, and other hormones increase and con-
tribute to decreasing insulin sensitivity in peripheral tis-
sues such as adipocytes and skeletal muscle by interfering
with insulin receptor signaling (6). Elevated levels of these
placentally and non–placentally derived hormones, partic-
ularly progesterone, cortisol, and GH-V, lead to markedly
decreased insulin sensitivity during the second and third
trimesters of pregnancy, with the highest levels of insulin
resistance occurring during the third trimester (3). The role
of placentally derived hormones in mediating insulin re-
sistance is made evident by the marked decrease in insulin
resistance immediately postpartum (7).

In addition to maternally and placentally derived hor-
mones, changes in the production of inflammatory media-
tors by the placenta (e.g., tumor necrosis factor-a), and
cytokines produced by adipose tissue also contribute to
the decrease in insulin sensitivity in peripheral tissues
(3,8,9). The role of cytokines during pregnancy has been
extensively reviewed previously (10). The levels of the
adipocyte-derived hormone leptin, which acts as a sensor
of nutrient storage, also increases during late gestation
(6). Interestingly, lactogens such as prolactin lead to cen-
tral leptin resistance by decreasing leptin transport across
the blood-brain barrier despite increased circulating levels
of leptin. Central leptin resistance has been implicated in
contributing to increased feeding behavior and mainte-
nance of body weight despite the catabolic state charac-
teristic of late gestation (6). The end result of all these

changes is decreased insulin sensitivity, which helps to
maintain normal glucose homeostasis in a manner that
is suitable for both mother and offspring. One direct con-
sequence of the marked decline in insulin sensitivity is
that circulating insulin levels, and consequently the secre-
tory capacity of pancreatic b-cells, are increased as gesta-
tion progresses to maintain adequate maternal and fetal
nutrition (9).

Pancreatic b-Cell Adaptations
Pancreatic b-cell adaptation is critical for the response to
the decline in maternal insulin sensitivity. This response
is mediated, at least in part, by maternal and placental
hormones such as prolactin and human placental lacto-
gens, which have been shown to enhance insulin secretion
and also increase the size and number of pancreatic
b-cells (11,12). Additionally, the activity and levels of
glucokinase, the primary glucose sensor in b-cells, are in-
creased in pancreatic b-cells during this insulin-resistant
phase of pregnancy, thus enhancing glucose-stimulated
insulin secretion at lower than normal blood glucose lev-
els (11). Interestingly, in addition to placental lactogens
and glucokinase, paracrine and autocrine signaling by se-
rotonin may also contribute to b-cell adaptations to preg-
nancy (13,14). Recently, the importance of microRNAs in
regulating b-cell mass and function during pregnancy has
been described. Specifically, miR-338-3p has been shown
to play a role in regulating b-cell proliferation during
gestation and is regulated by hormones such as estradiol
(15). The end result of these adaptations is increased
pancreatic b-cell mass and a lower threshold for glucose-
stimulated insulin secretion.

Of importance, the research described above has been
performed almost exclusively in rodent models, and there
are likely differences in b-cell adaptations during preg-
nancy between humans and rodents, as has been previ-
ously reported (12). For example, prolactin appears to
have a similar role in vitro in regulating pancreatic
b-cell function in humans and mice, but it is not clear
whether the function of prolactin in vivo is similar (16).
Likewise, it is not clear whether the action of other hor-
mones and receptors (e.g., GH-V and the prolactin recep-
tor) differs between rodents and humans in mediating
pregnancy-induced changes in b-cells (16). Additionally,
the focus of much of this past work has been on b-cell
adaptation during the insulin-resistant phase, whereas,
the mechanisms underlying the increase in insulin sensi-
tivity during early gestation as well as the return of pan-
creatic b-cell mass to prepregnancy levels during the
postpartum period remain less well defined.

Hepatic Gluconeogenesis
Along with changes in insulin sensitivity and the sub-
sequent response of pancreatic b-cells, hepatic gluco-
neogenesis contributes to glucose homeostasis during
pregnancy. During pregnancy, rates of hepatic gluconeo-
genesis increase in women both with and without GDM
(5). The rise in gluconeogenesis despite higher insulin
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levels reflects a decrease in insulin sensitivity by the third
trimester (5). Thus, during late gestation, in the back-
ground of increased circulating insulin levels and decreased
insulin sensitivity, hepatic gluconeogenesis increases as a
mechanism to maintain euglycemia in the face of greater
fetal glucose utilization.

Metabolic Changes Characteristic of GDM
During pregnancy, a host of environmental and genetic
factors influence the extent to which a mother can properly
compensate for increased insulin resistance. In GDM,
although insulin sensitivity in peripheral tissues is only
slightly decreased compared with pregnant mothers without
GDM, insulin secretion by mothers with GDM is signifi-
cantly decreased (3,9). Together with the impaired insulin
secretion, higher levels of hepatic gluconeogenesis result in
the elevated glycemia observed in mothers with GDM (5).

NEW INSIGHTS INTO GESTATIONAL GLUCOSE
METABOLISM

New insights into maternal glucose metabolism during
pregnancy have emerged in the past few years, due in
large part to the advent of new technologies. Here we
place these insights in the context of what has been
traditionally known about gestational metabolism with
the new concepts that have emerged, and suggest new
directions for research.

GWAS
Advances in high-throughput genotyping platforms have
led to an explosion in GWAS, which have helped to reveal

the genetic architecture of polygenic diseases and traits
(17). Because only a small number of large cohorts of
pregnant subjects exist, a limited number of studies ex-
ploring gestational metabolism have occurred (see Table 1
for a summary of results). Some of these initial studies
centered on probing known T2D risk alleles in ethnically
homogenous cohorts (18,19). These studies successfully
identified genes previously implicated in T2D that are
associated with glucose metabolism during pregnancy
and/or GDM, such as IGF2BP2, MTNR1B, TCF7L2, INSR,
IRS1, HHEK, CDKAL1, GCK, KCNQ1, and other genes
(18,20–22). Interestingly, loci identified in these studies
include genes that are important for peripheral insulin sen-
sitivity (INSR, IRS1) as well as b-cell function (CDKAL1,
KCNQ1, and GCK) (19). While here we have focused on
shared genetic loci between T2D and glucose metabolism
during pregnancy and GDM, it is noteworthy that genetic
loci shared between type 1 diabetes and glucose metabo-
lism during pregnancy or GDM have not been reported
(23). Data from these initial studies clearly reaffirm the
genetic link between GDM and T2D, and highlight key
genes in glucose homeostasis. However, whether genes
different from those associated with T2D are important
for GDM risk could not be determined from these studies,
as single nucleotide polymorphism (SNP) selection was
based on previous T2D studies.

More recently, the Hyperglycemia and Adverse Preg-
nancy Outcome (HAPO) Study has examined maternal
glycemic traits during pregnancy (1). Using a multinational,
multiethnic cohort studied at ;28 weeks of gestation,

Table 1—Notable genetic loci associated with glycemic traits identified in recent studies using cohorts of pregnant subjects

Gene
Associated trait
in gravid cohort Brief description Reference

CDK5 Regulatory
Subunit Associated
Protein 1-like 1
(CDKAL1)

Elevated GDM risk CDK5, the target of CDKAL1, has been demonstrated
to play a role in b-cell regulation, particularly in the
areas of b-cell survival as well as insulin production.
Loci within CDKAL1 have been previously identified

in studies of nongravid cohorts.

18
22
48

Glucokinase (GCK) Elevated FBG,
GDM risk

GCK has been well studied, serving as a primary
glucose sensor of pancreatic b-cells, regulating

insulin secretion, among other important functions. GCK
levels and activity are increased in b-cells during

gestation. Additionally, SNPs in GCK are associated
with FBG in nongravid populations.

21

Glucokinase Regulator
(GCKR)

FBG, FCP GCKR is a well-known inhibitor of GCK in the liver
as well as in pancreatic b-cells. SNPs located in

GCKR have also been associated with glycemic traits
in T2D populations.

24

Hexokinase Domain
Containing 1 (HKDC1)

Elevated 2-h
postchallenge BG

HKDC1 is a putative hexokinase, situated on
chromosome 10, just upstream of Hexokinase 1.
The function of the product of this gene is not

fully understood.

24,25

Beta-site APP-Cleaving
Enzyme 2 (BACE2)

FCP BACE2 is an enzyme whose main function is to cleave
b-secretase in a variety of tissues. In pancreatic

b-cells, this protein has been implicated in playing a role
in regulating insulin secretion and b-cell function.

24,26

BG, blood glucose; FBG, fasting blood glucose; FCP, fasting C-peptide.

diabetes.diabetesjournals.org Angueira and Associates 329



investigators used an unbiased genome-wide approach to
identify loci associated with maternal glucose metabolism
(1). As expected, known T2D loci, such as GCK and
TCF7L2, were associated with higher glucose levels during
pregnancy (1,21). Other loci previously shown to be asso-
ciated with metabolic traits and/or T2D in nonpregnant
populations included GCKR and PP1R3B, which were asso-
ciated with fasting C-peptide levels, and G6PC2, GCK,
PCKS1, and MTNR1B, which were associated with fasting
glucose levels (24). In addition, two novel genes were iden-
tified: Hexokinase Domain-Containing 1 (HKDC1), which
was associated with 2-h glucose levels, and Beta-site Amy-
loid Cleaving Enzyme 2 (BACE2), which was associated
with fasting C-peptide levels (24). HKDC1 encodes a puta-
tive fifth hexokinase that is widely expressed, most prom-
inently in the colon, kidney, and thymus (24,25). Though
predicted to be a functional hexokinase, the role of HKDC1
in glucose homeostasis is unknown (25). The second gene,
BACE2, encodes a protein whose function is to cleave
the amyloid precursor protein. Interestingly, BACE2 is
expressed in pancreatic b-cells, and has been reported to
play a role in regulating b-cell mass and insulin secretion
(26). Neither gene has been definitively associated with
glycemic traits in nonpregnant populations.

Given the overlap in genes associated with both GDM
and T2D, a clear shared genetic architecture exists, which
is further substantiated by the observation that mothers
are at an increased risk for the development of T2D
following GDM (27). However, to date, not all loci asso-
ciated with T2D have demonstrated association with
GDM. This may be a function of studies probing particu-
lar glycemic traits rather than testing the association with
a disease such as T2D or GDM, or could be attributable to
the lack of statistical power necessary to determine the
association of certain T2D genes with GDM.

Interestingly, there are many loci now associated with
T2D, and, while some appear to impact peripheral insulin
resistance, the majority are important for b-cell function.
Likewise, the genes associated with gestational glycemia
are mainly implicated in b-cell function, consistent with
impaired b-cell function being a primary driver of diabe-
tes. Failure to identify genes important for peripheral
insulin resistance during pregnancy that have been pre-
viously identified in studies of T2D may reflect the in-
creased importance of pancreatic b-cell compensation in
glucose homeostasis during pregnancy relative to the role
played by peripheral tissues in mediating insulin sensitiv-
ity during pregnancy. Additionally, an increased environ-
mental component associated with insulin resistance during
pregnancy may decrease the portion of variation explained
by genetic influences. While it is apparent that genetic fac-
tors that are important for pancreatic b-cell function may
be identified in the background of increased insulin resis-
tance during pregnancy, the identification of potentially
unique loci offers another avenue of investigation specific
to gestational metabolism. If such loci are ultimately iden-
tified, they may provide a view into the potential differences

in the mechanisms underlying insulin resistance that are
characteristic of gestation and obesity. Moreover, the fact
that the increased prevalence of GDM has occurred in the
face of little to no shift in the genetic composition of the
population suggests that environmental factors also play
an important role in GDM. Regardless, to date, no unique
(non-T2D) genetic locus associated with insulin resistance
during gestation has been reported.

An additional consideration not fully appreciated in
GWAS is the influence of inherited fetal genotype. Until
recently, GWAS have accounted only for the maternal
genotype and have not considered the influence of the fetal
factors on maternal glucose homeostasis. Of relevance here
is a mouse study, which demonstrated that a maternally
transmitted disruption of H19 correlated with elevated ma-
ternal blood glucose levels (28). The potential interaction
between maternal and fetal genotype presents a new and
unexplored area of investigation into the genetics of GDM.

Taken together, we expect that the genetic loci associ-
ated with gestational glycemia and GDM-specific glycemic
dysregulation to be more precisely defined through follow-
up studies with increased cohort sizes. Along with larger
studies and deeper genetic sequencing approaches, a more
complete understanding of glucose homeostasis during
pregnancy as well as similarities and differences between
GDM and T2D are likely to emerge.

Metabolomics
Recent advances in metabolomics have enabled high-
throughput identification and quantification of large
classes of metabolites in a tissue or body fluid, revealing
disease-specific changes in cell and tissue function (29)
(see the study by Bain et al. [29] for recent reviews). As
with genetic studies, metabolomics has been used to study
T2D more extensively than GDM (30–32) (see Table 2 for
a summary of related findings between T2D and gesta-
tional studies). It has been observed in several studies
(30,31,33) that circulating levels of branched-chain amino
acids (BCAAs [valine, leucine, and isoleucine]) and their
related metabolites are higher in individuals with T2D
and insulin resistance. One popular hypothesis suggests
that increased circulating levels of BCAAs interfere with
fatty acid oxidation, resulting in decreased insulin sensi-
tivity (33). An alternative theory suggests that the in-
creased catabolism of these BCAAs, in conjunction with
the higher circulating levels of these metabolites, is re-
sponsible for the decrease in insulin sensitivity (31). Sup-
porting these two prevailing hypotheses, many of the
studies using a metabolomics approach to study T2D
have observed changes in BCAAs and their related metab-
olites. Expanding on initial studies that characterized the
impact of BCAA metabolic dysregulation on increased in-
sulin resistance, some recent studies have identified that
BCAAs and their metabolites play a role in pancreatic
b-cell function. For example, levels of a-hydroxybutyrate,
a metabolite that shares a common intermediate, propionyl-
CoA, with catabolized BCAAs, were found to be positively
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associated with insulin resistance, and follow-up studies
(32,34) showed a role in inhibiting insulin secretion in
mouse islets. As is apparent, metabolomics has offered
investigators a window into the metabolic changes that
occur during T2D and, in particular, into the role of novel
metabolites in insulin resistance and b-cell function.

Metabolomics methodologies have more recently been
applied to studying maternal glycemia during pregnancy
(35). Early metabolic studies (36) focused on changes in
amino acid and circulating triglyceride levels during preg-
nancy. Many of the amino acids assayed by these groups
were not perturbed during GDM; however, one study (36)
found that levels of b-hydroxybutyrate, a circulating ke-
tone body, were increased in the plasma of mothers with
GDM. Recently, a combination of targeted and nontar-
geted approaches was used to quantify metabolites in
the blood of pregnant women with either low or high fast-
ing plasma glucose levels between weeks 24 and 32 of preg-
nancy (35). The targeted analysis indicated that mothers
with high fasting plasma glucose levels had higher levels of
triglycerides, 3-hydroxybutyrate (b-hydroxybutyrate), and
select amino acids, including alanine, leucine, and isoleucine
(35). Nontargeted analysis also found 2-hydroxybutyric acid
levels, the acid analog of a-hydroxybutyrate, were higher
in mothers with high fasting plasma glucose levels com-
pared with those with low fasting plasma glucose levels
(35). A study (37) using nuclear magnetic resonance to
study metabolites in the urine of pregnant mothers found
significantly higher levels of 3-hydroxyisovalerate and
2-hydroxyisobutyrate during the second trimester in
women who eventually presented with GDM over those who
had normal pregnancies. In contrast, a mass spectrometry–
based assessment (38) of metabolites in both the urine
and amniotic fluid of pregnant mothers at a similar time
point in pregnancy did not identify any metabolites that
were significantly higher between mothers in whom GDM
did and did not develop in the third trimester. Of note,

3-hydroxyisovalerate and 2-hydroxyisobutyrate levels
were not evaluated in this latter study. Taken together,
the metabolic profile of pregnant women with high fast-
ing plasma glucose levels shared many features of the
metabolic profile observed in T2D subjects, including per-
turbations in BCAA metabolism, resulting in higher levels
of metabolites that decrease insulin sensitivity and impact
b-cell function (30,32,34,35).

These T2D studies noted above suggest that the meta-
bolic signature of T2D involves perturbations in BCAA levels
and metabolism (30). Importantly, some of these metab-
olites have been found to have a role in aspects of metab-
olism such as insulin sensitivity and pancreatic b-cell
function. While a limited number of GDM metabolomics
studies have been performed, evidence suggests that the
metabolic signatures of T2D and GDM overlap. Future
studies in this area should focus on the extent to which
the metabolic profiles of insulin resistance produced by
normal pregnancy, obesity, and clinically diagnosed GDM
differ, if at all. These experiments may provide insight into
whether insulin resistance during pregnancy and obesity
arise from unique pathways, and the extent to which per-
turbations in these pathways influence the development of
GDM and T2D. Information gained from these studies
could identify a metabolic signature characteristic of GDM
that is distinct from the metabolic profile of pregnancy-
induced insulin resistance (but is not associated with
GDM) and, thus, suggest new biomarkers for GDM.

The Gut Microbiome
The emergence of the gut microbiome as a novel envi-
ronmental factor that directly impacts metabolism has
been an exciting new area of research that has stimulated
interest in how gut bacterial commensals may influence
host metabolism and vice versa (39). The emerging and
prevailing notion is that the microbiome functions not
only to harvest untapped energy from undigested food,

Table 2—Common metabolites associated with glycemic traits, T2D, and GDM discovered in recent studies

Metabolite Structure Brief description Reference

a-Hydroxybutyrate
(2-hydroxybutyrate;
a-HB)

a-HB is produced by the reduction of a-ketobutyrate,
an intermediate in threonine and methionine

catabolism. a-HB is elevated in populations with
T2D as well as GDM.

32,35

b-Hydroxybutyrate
(3-hydroxybutyrate;
b-HB)

3-HB is a hydroxyacid that is positively associated
with insulin resistance during pregnancy. 3-HB
levels are elevated in the cord blood of mothers

with high FBG levels.

31,35

3-Hydroxyisovalerate This compound is an intermediate in biotin
metabolism. Elevated levels of this
metabolite were demonstrated in the

urine of pre-GDM mothers.

37

2-Hydroxyisobutyrate Higher concentrations of this compound in
urine have been associated with insulin

resistance. This compound was shown to be
higher in the urine of pre-GDM mothers.

37

Structures were generated using ChemDraw version 13.0. FBG, fasting blood glucose.
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but to also feed back onto the host, potentially serving as
a nutrient sensor or regulator of nutrient sensors (39).
The ability to investigate this recently characterized factor
in the areas of obesity and T2D has been enhanced by
advances in next-generation sequencing of bacterial genes
encoding the 16S rRNA ribosomal subunit (see the study
by Karlsson et al. [40] for a recent review). Thus far, per-
turbations in the microbiome, particularly in the ratio of
Bacteroidetes to Firmicutes, have been implicated in mouse
studies to impart a phenotype reminiscent of the metabolic
syndrome, including increased weight gain, adiposity, and
peripheral insulin resistance (41). However, it remains
hotly debated whether the Bacteroidetes-to-Firmicutes ratio
is positively or negatively correlated with obesity and
whether perturbations in this ratio are causal in establish-
ing insulin resistance or are secondary to obesity-induced
insulin resistance (42,43). Some of the work in this now
maturing field has transitioned from focusing on how the
microbiome composition contributes to host metabolism, to
how the microbiome metagenome—the genetic material of
the microbiome—is altered during disease states (40,44).
The analysis of the microbial metagenome has allowed
investigators to ask questions about what types of bacterial
genes are enriched or depleted during different states, of-
fering species-independent investigations into the impact of
gut bacteria upon host health.

While a majority of the research conducted on the
microbiome has attempted to assess its role in influencing
energy harvest and nutrient sensing during obese states
relevant to T2D, some recent studies have sought to
characterize its changes during pregnancy (45). One early
study using flow cytometry–coupled fluorescent in situ
hybridization concluded that the amount of bacteria that
compose the microbiota increases throughout pregnancy
(46). Koren et al. (45), using a Finnish cohort, determined
that bacterial b-diversity—that is diversity in the bacte-
rial population between mothers—increases dramatically
between trimesters 1 and 3, with observed increases in
Proteobacteria as well as Actinobacteria (45). Transplants of
fecal material obtained during different trimesters were
sufficient to confer different phenotypes in mouse mod-
els, with third-trimester fecal matter leading to increased
adiposity and inflammation, similar to the phenotype
observed during pregnancy (45). Additionally, in third-
trimester samples, these investigators observed higher lev-
els of bacteria belonging to the family Enterobacteriaceae
and the genus Streptococcus, albeit with no difference in
levels between GDM and non-GDM mothers (45). These
studies suggest that changes in the gut microbiome occur
during pregnancy and may play a role in the observed
increase in gestational inflammation (45).

More studies tracking the changes that occur in the
microbiome during pregnancy and pathologies that occur
during pregnancy such as GDM in various ethnic back-
grounds are required to fully determine the extent to
which the microbiome influences and/or responds to
the maternal metabolic phenotype. Given the dramatic

reorganization of maternal metabolism that occurs during
pregnancy, it seems logical that the microbiome is altered
during pregnancy. However, what needs to be studied is
whether changes in the microbiome mediate some of the
observed changes in insulin resistance and b-cell function
observed during pregnancy, or whether metabolic changes
in these tissues cause reorganization of the microbiome
during pregnancy. Moreover, it remains to be determined
whether the relationship of the gut microbiome is simply
a response to or is an active participant in generating
metabolic changes such as the decreased insulin sensitiv-
ity and even hyperglycemia present during GDM. Inter-
estingly, the microbial signature of pregnancy, which is
characterized by an increase in diversity as well as an
increase in bacteria belonging to the phyla Actinobacteria
and Proteobacteria, is remarkably different from that of
obesity, which is characterized by a decrease in bacteria
belonging to the phylum Firmicutes (43,45). Here, future
studies will be enhanced by complementary metagenomic
and metabolomics analyses of the microbiome during
pregnancy, and will improve our understanding of how
the gut microbiome changes in response to increased met-
abolic demands, placental hormones, and, in the case of
GDM, hyperglycemia during pregnancy.

NEW DIRECTIONS

Taken together, the past decade has seen some great
advances in our understanding of maternal metabolism
during pregnancy. Genetic studies and GWAS have revealed
that, while the genetic bases for the development of GDM
and T2D may have considerable overlap, there may also be
unique genetic factors important in maternal metabolism
during pregnancy. Metabolomics studies in the area of
maternal-fetal medicine have begun to identify metabolic
signatures of pregnancy during dysglycemia as well as
normal pregnancy. These results suggest that the metabolic
signatures of hyperglycemia in T2D and GDM are, in part,
similar. Microbial studies have established that the gut
microbial profile changes during pregnancy and is involved
in inducing inflammation and increased adiposity in mice.
These data raise some exciting new questions that future
studies may answer.

In the coming years, there lies a great opportunity in
using genetics, metabolomics, and gut microbiota to
determine whether and how glucose regulation differs
in pregnant and nonpregnant states, and likewise in GDM
and T2D. Of note, the role of the epigenome in mediating
metabolic changes during pregnancy is just now being
studied using next-generation technologies. Learning
about the role of microRNAs and histone deacetylases
in regulating gene expression in the b-cell as well as other
metabolically relevant tissues shows great promise in shed-
ding light on the poorly understood areas of gestational
glycemia. Moreover, recent genomic profiling studies have
identified unique microRNAs that may potentially serve as
new biomarkers for GDM, which, to date, the limited
metabolomics studies have not yet succeeded in doing
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(47). Going forward, future studies should combine these
technologies to increase their power and subsequently the
number of scientific questions that they can answer (see
Fig. 1 for a summary of new directions). However, with
these new powerful approaches, challenges in managing
and drawing conclusions from large and complex systems,
such as the human and microbial genome, will arise.

An important focus in this area of research should be
to identify differences and similarities in GDM and T2D.
Of particular importance should be the examination of
mechanisms underlying the shared risk between GDM
and T2D, and, more precisely, the genetic and environ-
mental factors associated with GDM that lead to T2D.
This will not only improve our ability to identify and treat
mothers during pregnancy but also after pregnancy.
Similarly, these data will provide mechanistic insight
regarding the mechanisms shared between GDM and
T2D. Ultimately, these new data will likely be translated
into the clinic, leading to improvements in maternal and
fetal outcomes.
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