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Abstract: Rates of gestational diabetes mellitus (GDM) are on the rise worldwide, and the number
of pregnancies impacted by GDM and resulting complications are also increasing. Pregnancy is
a period of unique metabolic plasticity, during which mild insulin resistance is a physiological
adaptation to prioritize fetal growth. To compensate for this, the pancreatic β-cell utilizes a variety
of adaptive mechanisms, including increasing mass, number and insulin-secretory capacity to
maintain glucose homeostasis. When insufficient insulin production does not overcome insulin
resistance, hyperglycemia can occur. Changes in the maternal system that occur in GDM such as
lipotoxicity, inflammation and oxidative stress, as well as impairments in adipokine and placental
signalling, are associated with impaired β-cell adaptation. Understanding these pathways, as well as
mechanisms of β-cell dysfunction in pregnancy, can identify novel therapeutic targets beyond diet
and lifestyle interventions, insulin and antihyperglycemic agents currently used for treating GDM.
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1. Introduction

Gestational diabetes mellitus (GDM) is defined as hyperglycemia and severe insulin resistance
with an onset in mid-gestation near the beginning of the 3rd trimester. The worldwide incidence of
pregnancies impacted by gestational diabetes mellitus (GDM) is as high as 1 in 7 [1]. Health Canada
statistics from 2011 place the rate of GDM at roughly 5.4%, which is only increasing as more women
enter pregnancy obese or overweight. In Canada, as well as many Western nations, more women are
becoming pregnant later in life, increasing their risk for GDM [2,3]. The implications of this trend
are potentially wide reaching—complications of GDM can include difficulties with pregnancy itself,
labor and delivery complications, and maternal health implications postnatally and onward [1,4,5].
Additionally, research has implicated fetal exposure to GDM in development of respiratory distress
syndrome, pre-term birth, and higher incidence of metabolic and cardiac dysfunction later in life [6,7].
In this review, we describe the placental signalling and maternal β-cell adaptations that occur during
pregnancy and consider how maladaptations in these processes contribute to the development of GDM.

2. Metabolic Adaptations during Mammalian Pregnancy

Mammalian pregnancy is marked by distinct phases of metabolic adaptation, correlating to
changing nutritional needs of both the mother and the fetus. Early pregnancy (in humans characterized
as the first two trimesters; in rodents, the first 10 days of gestation) is a largely anabolic phase, during
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which energy stores are built up in the form of lipid deposition in tissues, for breakdown and utilization
in late gestation [8,9]. This is achieved by increases in maternal energy consumption as well as increased
de novo lipogenesis by the liver. In late gestation, these lipid deposits are preferentially broken
down for maternal use, and in turn glucose is spared to meet the increasing energy demands of the
growing fetus [8–10]. This later stage of pregnancy is referred to as the catabolic phase. Pregnancy
is by necessity a period of relative metabolic plasticity, during which physiological changes need to
occur to accommodate shifting nutritional needs. These adaptations are achieved through a variety
of mechanisms, including hormonal, metabolic and immunological alterations [9]. Many maternal
systems will undergo adaptations to accommodate pregnancy, including increases in blood volume
and cardiac output with corresponding increases in renal activity, increased respiratory capacity and
neurological changes [11].

As the maternal system enters the catabolic phase in late gestation, insulin resistance and
hyperlipidemia are a natural, albeit transient occurrence (Figure 1). Despite these changes, maternal
blood glucose remains constant or, indeed, has been shown to decrease as pregnancy progresses;
while this may be due in part to dilution due to increased blood volume, the major driver is an increase
in maternal insulin production and secretion by the pancreas [12]. Since peripheral tissues become
more insulin resistant [9,13] in pregnancy and hepatic glucose production and output continues
(Figure 1), glucose homeostasis is achieved in a healthy pregnancy by increasing circulating insulin
and overcoming insulin resistance [8].
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Figure 1. Adaptations in peripheral tissue in late gestation occur to spare glucose for fetal growth;
if insulin resistance is too severe (such as in pregnancies complicated by pre-existing obesity),
gestational diabetes can occur.

In the context of these metabolic and β-cell adaptations during pregnancy, GDM may be viewed
as an inability to compensate for the insulin resistance of pregnancy. In the presence of pre-existing
maternal obesity or excessive gestational weight gain results, insulin secretion is insufficient to
overcome insulin resistance and maintain glucose homeostasis, resulting in hyperglycemia and glucose
intolerance that is characteristic of GDM [14].

While many studies exist which extensively characterize and summarize the adaptive response of
the pancreatic β-cell to the metabolic stress of pregnancy, there is less information available regarding
defects in these adaptive mechanisms. Understanding where and how β-cell dysfunction occurs
(particularly during pregnancy) will help to determine why some pregnancies are more susceptible to
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the additive effects of obesity, and contribute to defining the etiology of GDM and the development of
new therapeutic approaches.

3. β-Cell Adaptations

In pregnancy, compensatory increases in β-cell mass are achieved through a combination of
hypertrophic expansion, proliferation and potentially neogenesis from precursor cells, accompanied
by a temporary decrease in apoptosis [12,15,16]. These adaptations have been well characterized in
human pregnancy [12]. Mechanisms have been investigated with the use of animal models illustrating
the necessary crosstalk between the maternal pancreas, placenta, and peripheral tissues [17–19].
While many of these mechanisms are conserved, there are some differences between human and
rodent adaptive pathways—for example, most studies in rodent models describe small increases in
β-cell neogenesis (if any at all) [20], but in human pregnancy, neogenesis may have a larger role than
proliferation [16,21]. It is important to keep these mechanistic differences in mind, particularly when
translating research from rodents to human populations—however, the relative scarcity of human
islets in pregnancy, and the heterogeneity of the samples that do exist present challenges in their
own right [12].

4. Pregnancy Hormones: Prolactin and Placental Lactogen

Expansion of maternal insulin secretion capacity is a central adaptation required to maintain
a metabolically healthy pregnancy. While adult β-cell populations are known to adapt to a variety
of physiological conditions, pregnancy involves β-cell adaptations [10], which occur via functional
changes (insulin production and secretion) and morphological changes such as proliferation and
expansion [22,23]. It has been noted that these adaptations in the β-cell occur prior to the onset
of insulin resistance in pregnancy, and actually occur in response to pregnancy itself. Studies
have identified many genes with postulated roles in mediating these changes [10,23–25]; they are
primarily downstream of the lactogens. Signalling occurs largely through placental lactogen (PL) and
prolactin (PrL), but hepatic growth factor (HGF), progestin and estrogen are also implicated in both
adaptive increases in β-cell mass and function, as well as the return to baseline postnatally [15,26].
HGF expression increases in pregnancy and signals through c-met and the AKT cascade to facilitate
β-cell adaptations [15,27]. The absence of HGF signalling impacts glucose sensing, when cells that lack
HGF are unable to upregulate GLUT2 [26].

Mechanistic studies in rodent models [10,25,28–30] and some limited work in human islets—[12,31]
have identified key pathways responsible for mediating PL signalling (Figure 2). Within the
endocrine pancreas, genes responsible for synthesis of serotonin are upregulated by PL signalling.
Interruption of this signalling has been shown to impair the proliferation of β-cells required in
pregnancy [7,15]. Serotonin signalling also plays an important role in glucose stimulated insulin
secretion in pregnancy [28], maintaining glucose homeostasis and sensitivity. If serotonin signalling
downstream of PL is disrupted, compensatory β-cell proliferation and insulin secretion during
pregnancy is impaired [7,32].

In addition, serotonin signalling from the β-cell (triggered by metabolic stress such as high fat
diet or pregnancy) inhibits glucagon secretion by the α-cell [33]. Impairments in serotonin sensing
or reduced levels of serotonin can impede the ability of the α-cell to regulate glucagon secretion in
response to blood glucose; this effect on glucagon secretion can compound with β-cell impairments
and worsen metabolic adaptation to pregnancy [33].

Epidermal growth factor (EGF) also acts at the β-cell, through EGF-R and improves proliferation
and expansion [29] (Figure 2). Interestingly, vascular endothelial growth factor (VEGF) originating
from pancreatic endothelium has been shown to impact signalling of HGF [27], highlighting the
importance of endothelial-endocrine crosstalk within the placenta.
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Figure 2. Signalling by pregnancy hormones prolactin (PrL) and placental lactogen (PL) through the
prolactin receptor (PrlR) through the Jak/Stat pathway improves glucose stimulated insulin secretion
(GSIS), prevents apoptosis and promotes proliferation and expansion. Hepatocyte growth factor (HGF)
signals through AKT and mTOR via cMet to improve β-cell adaptations. Epidermal growth factor
(EGF) through epidermal growth factor receptor (EGF-R) and ras/extracellular signal-related kinases
(ERK) signalling can mediate proliferation and expansion; the ras/ERK pathway can also be mediated
lactogens. Transcription factors (such as Hnf4a, FoxD3, FoxM1) can modulate expression of genes that
mediate these adaptations.

5. β-Cell Pathology in GDM

Throughout gestation, maternal metabolism prioritizes glucose and nutrient availability for fetal
growth. The resultant insulin resistance is transient in a healthy pregnancy. Pre-existing obesity,
maternal over-nutrition, excessive gestational weight gain, as well as certain genetic predispositions
can trigger failure of the β-cell and hyperglycemia. β-cell adaptations are carefully coordinated during
pregnancy. If one or more pathways are impaired, the failure to compensate for the insulin resistance
of pregnancy can lead to hyperglycemia and GDM. Indeed, β-cell failure or insufficiency has been
implicated in type 2 diabetes, and auto-immune mediated attack on β-cells is a driver of β-cell loss in
type 1 diabetes [15]. Recent research has defined several mechanisms of β-cell adaptation to pregnancy
(as reviewed by Ernst et al. [15] and Baeyens et al. [34]); however, the mechanisms underlying β-cell
dysfunction in pregnancy are less clear. Existing studies in human islets during pregnancy vary widely
with respect to maternal BMI and gestational age. Additionally, none of the human studies include
samples from mothers with GDM, which could provide insight into mechanisms of adaptive failure by
the β-cell in GDM.

Mutations that affect islet function are linked to subsets of diabetes known as maturity onset
diabetes of the young (MODY), but relatively few mutations in transcription factors with roles
in β-cell function and adaptation (such as hnf1a, foxd3, foxM1, hnf4a) have been implicated in
development of GDM [23,34]. An additional level of control is introduced with the action of
micro-RNAs, which regulate gene expression and impact adaptive mechanisms. Micro RNA (miRNA)
associated with β-cell plasticity include miR375, which increases β-cell expansion, and miR7a that
increased signalling through the mammalian target of rapamycin (mTOR) (Figure 2) and various
miRNAs activate neurogenin-3 and in doing so increase neogenesis [35]. Downregulation of
miR338-3p [36] is postulated to potentiate the actions of incretins, specifically glucagon-like peptide
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(GLP)-1, which enhances insulin secretion and proliferation in β-cells, and sensitivity in peripheral
tissues [37].

6. Oxidative Stress and Inflammation

Oxidative stress, mitochondrial dysfunction and endoplasmic reticulum (ER) stress are observed
in insulin-resistant peripheral tissues in GDM [38,39]. While the inflammatory profile of pregnancy
is dynamic, disruptions in inflammatory cytokine profiles and macrophage infiltration of insulin
sensitive tissues (such as white adipose tissue) can contribute to worsening insulin resistance thereby
contributing to the development of GDM [14,40]. Similarly, the β-cell is also susceptible to these
types of dysfunction: in addition to insulin sensitivity, the β-cell is also impacted by systemic
inflammation [13]. Individuals with obesity or GDM have higher levels of pro-inflammatory cytokine
tumor necrosis factor α (TNF-α) in the circulation, which is linked to impaired β-cell function as well
as β-cell de-differentiation [40,41]. Additional inflammatory markers such as interleukin-1β (IL-1β)
and interferon-γ (IFNγ) have been shown to be elevated in the presence of metabolic stress [38,39],
and these can trigger ER stress in the β-cell, ultimately leading to β-cell dysfunction [42].

In type 2 diabetes, β-cell de-differentiation can be triggered by inflammatory cytokines [41].
Indeed, β-cells can be susceptible to macrophage infiltration as well [42] and inhibition of factors
relating to macrophage recruitment have been shown to improve β-cell function [43]. This can be
especially detrimental, as the maternal system shifts back towards a more “pro-inflammatory” immune
state in late gestation, when insulin resistance is at its peak and GDM can occur [40].

7. Lipotoxicity and Oxidative Stress

In general, nutrient overload in obesity (and is worsened by peripheral insulin resistance) exerts
a multitude of effects on the β-cell. Pancreatic β-cells are susceptible to lipotoxicity, and prolonged
exposure to elevated lipids can trigger β-cell dysfunction. Lipotoxicity and glucotoxicity are possible
mechanisms underlying β-cell dysfunction in type 2 diabetes and GDM [43]. The resulting buildup of
lipids in the pancreatic islet can cause ER stress [44] and oxidative stress [43], which impair insulin
production. These mechanisms ultimately contribute to β-cell apoptosis [43].

Metabolomic studies of pregnant women with GDM and a mouse model of high fat diet feeding
during pregnancy identified 3-carboxy-4-methyl-5-pentyl-2-furanpropionic acid (CMPF), a furan fatty
acid metabolite as having a causative role in the mitochondrial dysfunction and resulting oxidative
stress that can impair compensatory β-cell function during pregnancy [45]. Mitochondrial dysfunction
can result from hyperlipidemia and prolonged exposure to metabolic stress [14,45]; expression of
UCP2, an uncoupling protein, has been documented in cases of β-cell dysfunction—further driving the
production of reactive oxygen species, reducing ATP production and decreasing insulin output [46,47].
In addition, the β-cell can become overwhelmed by prolonged exposure to hyperglycemia; the resulting
glucotoxicity generates oxidative stress within the β-cell, leading to decreased survival and reduced
glucose stimulated insulin secretion. If signals such as inflammation and nutrient mediated toxicity
continue to overwhelm the β-cell, apoptosis and β-cell death can occur (Figure 3) [48].
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Figure 3. Peripheral insulin resistance and resulting hyperlipidemia and hyperglycemia can overwhelm
the capacity of the β-cell, leading to lipotoxicity and glucotoxicity. Lipotoxicity and glucotoxicity can
trigger oxidative stress, generation of reactive oxygen species (ROS) and lead to endoplasmic reticulum
(ER) stress and apoptosis; these detrimental pathways impair β-cell adaptation in pregnancy and can
lead to gestational diabetes mellitus (GDM).

8. Adipokine Signalling

Cytokines released from adipose tissue (adipokines) have roles in metabolism that remain
important during pregnancy. Leptin is well characterized in metabolism and metabolic syndrome,
and hyper-leptinemia and leptin resistance due to obesity can have detrimental effects on the β-cell,
contributing to impaired glucose stimulated insulin secretion [49] and proliferative capacity [50].
Experiments ex vivo using human and rodent islets, and in vivo using rodent models have shown
dramatic impairments in insulin secretion with exposure to leptin [51]. Acting through suppressor
of cytokine signalling 3 (SOCS3), leptin has been shown to impact insulin transcription in pancreatic
islets [51], as well as the brain [52]. Conversely, the adipokine adiponectin decreases with obesity
and metabolic dysfunction, and is generally known to potentiate insulin sensitivity and promote
energy homeostasis [53]. In pregnancy, levels of circulating adiponectin decrease; however, individuals
who are at risk for GDM have shown markedly reduced circulating adiponectin early in gestation,
and dysregulated adiponectin molecular weight distribution in the circulation [54,55].

At the level of the β-cell, adiponectin is associated with increased proliferation and expansion
although not necessarily with increased glucose stimulated insulin secretion [53,55] (Figure 2).
Qiao et al. determined that, in pregnancy, adiponectin-knockout mice were not necessarily more
insulin resistant, rather insulin insufficient; markers of insulin sensitivity were not markedly altered in
adiponectin-knockout dams, but serum insulin and glucose-stimulated insulin secretion were reduced,
and β-cell were significantly smaller than wild-type dams [53]. This suggests adiponectin signalling
may play an important role in β-cell adaptations required in pregnancy. Adiponectin may also help
protect against the lipotoxic damage of β-cells, and mediate inflammatory cytokine secretion from
adipose tissue [56].

9. Placental Signalling and Metabolism

While technically a fetal organ, the placenta acts as an important interface between maternal
and fetal environments and has been shown to respond in a variety of ways to maternal stress
including gestational diabetes. Throughout gestation, ratios of placental lactogens will change in
order to promote fetal growth and maintain metabolic homeostasis; ratios of placental lactogen (PL) to
variant growth hormone (GH-V) have been postulated to predict whether the maternal environment is
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favoring β-cell adaptations required for healthy glucose metabolism in pregnancy [57]. This could
represent another way in which placental signalling impacts maternal metabolism [57]. It has also
been suggested that, in pregnancies affected by GDM, downstream mediators of insulin signalling
such as mTOR and insulin-like growth factor (IGF) pathways are altered, with the end result being
increases in nutrient transporters [17,58]. Increased amino acid, glucose, and lipid transporters on
the placenta are associated with increased fetal growth and large for gestational age (LGA) infants;
however, it is unclear whether these effects are due to GDM or treatment, which frequently includes
insulin [59]. Additionally, when the fetus receives excess glucose due to maternal hyperglycemia
(and corresponding increases in glucose transport), the elevated insulin production by maternal/fetal
islets can accelerate fetal growth [60]. Conversely, placental transport of DHA (crucial for development
of the fetal brain) is seen to be impaired in GDM although the implications of this are so far unclear [60].

Adiponectin has been shown to be expressed and secreted by rodent and human placenta, and the
effect of adiponectin on the fetus appears to counter the effects of insulin: decreasing insulin signalling
and slowing fetal growth [59]. Not surprisingly, the expression and secretion of adiponectin and
its receptors by the human placenta is altered in the presence of GDM and can be modulated by
cytokines associated with inflammation and metabolic stress (e.g., IFNy, TNFa, IL6, Leptin). In this
vein, placental adiponectin may also play an important role in mediating insulin signalling to the fetal
environment and impacting fetal growth [17,61].

In the context of the pancreatic β-cell, recent research has identified putative pathways for
placental crosstalk with the islet in mice [62]. More specifically, ligands for G-protein coupled
receptors that, independent of lactogens, are part of the placental secretome and may be involved in
pregnancy-induced adaptive expansion in islets [62]. Corticotrophin releasing hormone (CRH) receptor
was shown to be elevated mid-gestation in islets, and CRH expression was increased at the same time
in the placenta; CRH has been shown to mediate insulin secretion [63] and β-cell proliferation [64]
and could be an important mediator of β-cell adaptation potentially stimulated by placental signalling.

10. Current Therapeutic Strategies

Therapeutic approaches for GDM, while similar to those for type 2 diabetes, are complicated
by the added complexity of pregnancy. Ideally, hyperglycemia in pregnancy can be controlled with
lifestyle interventions including diet and physical activity, and appropriately limited gestational weight
gain for women who are overweight (15–25 lbs) or obese (10–20 lbs) [65]. Some research has shown
that, although obese women with GDM may gain less weight in pregnancy, they are more likely
to require insulin treatment, and therapy is initiated earlier in pregnancy [66]. Without pre-existing
obesity, lean women with GDM have been reported to have higher levels of insulin resistance and more
pronounced β-cell insufficiency [67]. Although statistics vary with the population studied, up to 80%
of women can be successfully treated using lifestyle interventions alone [65]; however, there are
difficulties with adherence to lifestyle based interventions, and much of the available information relies
on self-reported data. Even when trials of dietary interventions report efficacy, there is little consensus
on ideal dietary composition, and adherence statistics vary widely [68]. This highlights a caveat of
lifestyle and dietary interventions—implementing effective, healthy changes can be challenging and
with the added stress of pregnancy and anxiety accompanying diagnosis, the risk of non-compliance
to these recommendations is high [69]. In order to prevent maternal complications and limit exposure
of the developing fetus to hyperglycemia and its long-term implications on health, pharmacological
intervention is occasionally necessary [65].

It is important to consider metabolic changes in pregnancy, and the ability of pharmacologic
agents to cross the placenta and any potentially teratogenic effects. Traditionally, insulin therapy is
initiated if glycemic targets are not met using lifestyle interventions alone [70]. Although some
studies have reported larger infants resulting from pregnancies treated with insulin compared
to other oral antihyperglycemic agents (OAA), and an increased risk of neonatal hypoglycemia,
it is generally accepted that the risks associated with treatment with currently approved medications
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during pregnancy are lower than the risks of untreated GDM for adverse health outcomes [70,71].
Additionally, therapeutic efficacies of different forms of insulin versus OAA are comparable and choice
should largely be determined on a patient-to-patient basis. Some studies suggest lower risk of neonatal
hypoglycemia with use of metformin (an insulin sensitizing biguanide) in comparison to insulin
therapy; however, due to increased metabolism in pregnancy, higher doses may be required [72,73].

Sulfonylureas such as glyburide are considered insulin secretagogues, which potentiate the
release of insulin through binding of the potassium/ATP channel on the β-cell. Glyburide use has been
approved in pregnancy; however, studies have shown some elevated risk of neonatal hypoglycemia
compared to insulin, and increased expression of GLUT1 on the placenta which may facilitate higher
nutrient transfer to the fetus and confer higher risk of macrosomia [73,74]. In Canada, insulin is
considered to be the first line approach, followed by metformin or glyburide [73].

While available therapeutics represent valuable tools for managing GDM, they do come with their
own unique risks and contraindications. As pregnancy is recognized as a period of metabolic plasticity,
particularly within the context of the endocrine pancreas, it also represents a unique opportunity to
exploit those mechanisms in the context of therapeutic intervention. Currently, sulfonylureas constitute
the only therapies targeted to the β-cell that are approved for use in GDM; however, mechanistic
studies and large-scale –omics approaches could identify additional pathways and potential mediators
of β-cell adaptation and failure that could be therapeutically targeted.

11. β-Cell Targeted Therapies for GDM

Many studies have identified inflammation and oxidative stress as key mediators of both insulin
resistance and β-cell failure. A case-controlled study of anti-oxidants or anti-inflammatories (either as
supplements or dietary sources) as adjunct therapies may improve outcomes [75]. With the body of
evidence implicating lipotoxicity in β-cell failure, approaches that reduce circulating lipids in GDM
may potentiate glycemic control and improve risks of complications; however, current pharmacological
therapies for hyperlipidemia and hypercholesterolemia are not widely studied in pregnancy [76].
There is a precedent for use of fibrates such as gemfibrozil in cases of severe hypertriglyceridemia
in pregnancy, with no teratogenicity if used after the 1st trimester, but are initiated only after
implementation of dietary intervention and supplements have failed [77]. Statins for treatment
of hypercholesterolemia are contraindicated in pregnancy; however, the argument has been made that
teratogenicity observed in animal studies may be due to the dosages being significantly higher than
what is therapeutically used in humans [78]. Supplements such as Omega-3 fatty acids and niacin
have been shown to improve triglyceride and cholesterol levels in pregnancy, but studies are scarce
and there is no consensus regarding dosage [76]. Studies in rodent models of diabetic pregnancy using
resveratrol therapy have noted improved outcomes in terms of inflammation, glycemic control and
circulating lipids, but no controlled studies in pregnant women currently exist [79].

Identification of downstream mediators of β-cell adaptations, as well as points at which failure and
decompensation, can occur, lays the necessary groundwork for future therapeutic strategies including
drug and nutritional interventions. The characterization of miRNA regulation allows for another layer
of complexity, and potentially a target for the fine-tuning of β-cell function. Additionally, research into
β-cell adaptations can help identify risk factors and preventative strategies for GDM—for example,
understanding the diabetogenic effects of medications affecting serotonin signalling [7]. In vitro
drugs that agonize the htr3 receptor and affect serotonin signalling in the β-cell can improve glucose
stimulated insulin secretion, illustrating some therapeutic potential [28]. Currently, rodent models of
GDM have shown that supplementation with adiponectin can improve glycemic control and insulin
resistance [53,80]; however, this hasn’t been established in human pregnancy despite research showing
a correlation between hypo-adiponectinemia and GDM [81].



Int. J. Mol. Sci. 2018, 19, 3467 9 of 14

12. The Future of β-Cell Targeted Therapeutics

While outright replacement therapies—using cadaveric islets [82] or stem cells [83]—are a promising
proof of concept, the scarcity of donor islets and the level of invasiveness related to stem-cell procedures
limit its potential. Mesenchymal stem cell (MSC) therapy for type-2 diabetes has been shown to
stimulate β-cell replication, differentiate into insulin producing cells as well as play a protective
role within the endocrine pancreas [84], and studies in rodents have shown the ability to improve
symptoms in streptozotocin-induced diabetic rats [85]. Human clinical trials are ongoing; however,
there are concerns regarding duration of efficacy, and no consensus has been reached regarding the
ideal method of administration or primary measure of outcomes [84]. As of 2018, Canadian trials
involving lab grown stem cells are only performed in individuals with a high-risk form of type-1
diabetes [83]; the transient nature of GDM and the invasiveness of these procedures make it unlikely
to ever be considered for treatment of GDM. Regardless of direct therapeutic potential, the mechanistic
insights gained from studies in rodents [85,86] and humans (particularly using MSC) could provide
valuable information as to potential targets for pharmacological intervention.

Ongoing research has also shown that, during periods of metabolic stress, insulin producing cells
can be differentiated from non-β-cells. While neogenesis typically occurs from stem or progenitor
cells [16], transdifferentiation, in which cells were already differentiated into a different cell type,
can be triggered to differentiate into β-cells [87]. Acinar and duct cells within the pancreas in both
human and rodent models have demonstrated the ability to transdifferentiate into insulin-producing
cells [87,88]. In pregnant mice, there is evidence to suggest that non-β-cell progenitors contribute
to the observed increase in β-cell mass [89]. The ability to trigger differentiation of progenitor and
non-β-cells into insulin producing cells, even in vitro, provides an additional avenue for treatment
options, either pharmacologically (by triggering entry into cell cycle [90] or with adenoskine kinase
inhibitors [91] or replacement therapies [92].

13. Conclusions

It is apparent that the adaptive and compensatory response of the pancreatic β-cell to pregnancy
is a growing area of interest; a number of very comprehensive studies have characterized many
of the mechanisms involved. Increasing research in the area using large scale –omics approaches,
cohort studies, animal models and stem cells are elucidating the complex pathways involved in
β-cell adaptations in pregnancy. The putative targets that are emerging could yield novel therapeutic
strategies that are not only beneficial for GDM therapy but potentially also for type 1 and 2 diabetes.
Just as important as intervention is identification of predictive markers and risk factors that allow
early monitoring and selection of the most effective therapeutic strategies for women with GDM
(e.g., individuals who respond to lifestyle therapy vs. individuals that would benefit from immediate
insulin or OAA therapy). While maternal insulin resistance is crucial for fetal growth, the ability of
the β-cell to compensate for this necessary phenomenon may be the difference between a healthy
pregnancy and GDM.

Author Contributions: B.L.M. prepared the original draft and performed review and editing. V.W.D. edited and
reviewed the manuscript.

Funding: This research is support by a grant from the Canadian Institutes for Health Research, Grant No. 136885.

Acknowledgments: B.L.M. is the recipient of a Research Manitoba studentship. V.W.D. is the Allen Rouse-Manitoba
Medical Services Foundation Basic Scientist.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2018, 19, 3467 10 of 14

References

1. Guariguata, L.; Linnenkamp, U.; Beagley, J.; Whiting, D.R.; Cho, N.H. Global estimates of the prevalence of
hyperglycaemia in pregnancy. Diabetes Res. Clin. Pract. 2014, 103, 176–185. [CrossRef] [PubMed]

2. Hui, A.L.; Sevenhuysen, G.; Harvey, D.; Salamon, E. Barriers and coping strategies of women with gestational
diabetes to follow dietary advice. Women Birth 2014, 27, 292–297. [CrossRef] [PubMed]

3. Brown, J.; Alwan, N.A.; West, J.; Brown, S.; McKinlay, C.J.D.; Farrar, D.; Crowther, C.A. Lifestyle interventions
for the treatment of women with gestational diabetes. Cochrane Database Syst. Rev. 2017. [CrossRef] [PubMed]

4. Sherifali, D.; Rabi, D.M.; McDonald, C.G.; Butalia, S.; Campbell, D.J.T.; Hunt, D.; Leung, A.A.; Mahon, J.;
McBrien, K.A.; Palda, V.A.; et al. Methods. Can. J. Diabetes 2018, 42, S6–S9. [CrossRef] [PubMed]

5. Buchanan, T.A. Pancreatic B-Cell Defects in Gestational Diabetes: Implications for the Pathogenesis and
Prevention of Type 2 Diabetes. J. Clin. Endocrinol. Metab. 2001, 86, 989–993. [CrossRef] [PubMed]

6. Agarwal, P.; Morriseau, T.S.; Kereliuk, S.M.; Doucette, C.A.; Wicklow, B.A.; Dolinsky, V.W. Maternal
obesity, diabetes during pregnancy and epigenetic mechanisms that influence the developmental origins of
cardiometabolic disease in the offspring. Crit. Rev. Clin. Lab. Sci. 2018, 55, 71–101. [CrossRef] [PubMed]

7. Kim, C. Gestational diabetes: Risks, management, and treatment options. Int. J. Women’s Health 2010, 2,
339–351. [CrossRef] [PubMed]

8. Wharfe, M.D.; Wyrwoll, C.S.; Waddell, B.J.; Mark, P.J. Pregnancy-induced changes in the circadian expression
of hepatic clock genes: Implications for maternal glucose homeostasis. Am. J. Physiol. Endocrinol. Metab.
2016, 311, E575–E586. [CrossRef] [PubMed]

9. Vivas, Y.; Diez-Hochleitner, M.; Izquierdo-Lahuerta, A.; Corrales, P.; Horrillo, D.; Velasco, I.;
Martinez-Garcia, C.; Campbell, M.; Sevillano, J.; Ricote, M.; et al. Peroxisome proliferator activated receptor
gamma 2 modulates late pregnancy homeostatic metabolic adaptations. Mol. Med. 2016, 22, 724. [CrossRef]
[PubMed]

10. Gupta, R.K.; Gao, N.; Gorski, R.K.; White, P.; Hardy, O.T.; Rafiq, K.; Brestelli, J.E.; Chen, G.; Stoeckert, C.J., Jr.;
Kaestner, K.H. Expansion of adult beta-cell mass in response to increased metabolic demand is dependent
on HNF-4alpha. Genes Dev. 2007, 21, 756–769. [CrossRef] [PubMed]

11. Soma-Pillay, P.; Catherine, N.-P.; Tolppanen, H.; Mebazaa, A.; Tolppanen, H.; Mebazaa, A. Physiological
changes in pregnancy. Cardiovasc. J. Afr. 2016, 27, 89–94. [CrossRef] [PubMed]

12. Butler, A.E.; Cao-Minh, L.; Galasso, R.; Rizza, R.A.; Corradin, A.; Cobelli, C.; Butler, P.C. Adaptive changes
in pancreatic beta cell fractional area and beta cell turnover in human pregnancy. Diabetologia 2010, 53,
2167–2176. [CrossRef] [PubMed]

13. Chen, L.; Chen, R.; Wang, H.; Liang, F. Mechanisms Linking Inflammation to Insulin Resistance.
Int. J. Endocrinol. 2015, 2015, 9. [CrossRef] [PubMed]

14. Boyle, K.E.; Hwang, H.; Janssen, R.C.; DeVente, J.M.; Barbour, L.A.; Hernandez, T.L.; Mandarino, L.J.;
Lappas, M.; Friedman, J.E. Gestational diabetes is characterized by reduced mitochondrial protein expression
and altered calcium signaling proteins in skeletal muscle. PLoS ONE 2014, 9, e106872. [CrossRef] [PubMed]

15. Ernst, S.; Demirci, C.; Valle, S.; Velazquez-Garcia, S.; Garcia-Ocaña, A. Mechanisms in the adaptation of
maternal β-cells during pregnancy. Diabetes Manag. 2011, 1, 239–248. [CrossRef] [PubMed]

16. Bonner-Weir, S.; Guo, L.; Li, W.-C.; Ouziel-Yahalom, L.; Lysy, P.A.; Weir, G.C.; Sharma, A. Islet Neogenesis:
A Possible Pathway for Beta-Cell Replenishment. Rev. Diabet. Stud. RDS 2012, 9, 407–416. [CrossRef]
[PubMed]

17. Aye, I.L.; Powell, T.L.; Jansson, T. Review: Adiponectin—The missing ink between maternal adiposity,
placental transport and fetal growth? Placenta 2013, 34, S40–S45. [CrossRef] [PubMed]

18. Rawn, S.M.; Huang, C.; Hughes, M.; Shaykhutdinov, R.; Vogel, H.J.; Cross, J.C. Pregnancy Hyperglycemia in
Prolactin Receptor Mutant, but Not Prolactin Mutant, Mice and Feeding-Responsive Regulation of Placental
Lactogen Genes Implies Placental Control of Maternal Glucose Homeostasis. Biol. Reprod. 2015, 93, 75.
[CrossRef] [PubMed]

19. Vasavada, R.C.; Garcia-Ocana, A.; Zawalich, W.S.; Sorenson, R.L.; Dann, P.; Syed, M.; Ogren, L.; Talamantes, F.;
Stewart, A.F. Targeted expression of placental lactogen in the beta cells of transgenic mice results in beta cell
proliferation, islet mass augmentation, and hypoglycemia. J. Biol. Chem. 2000, 275, 15399–15406. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.diabres.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24300020
http://dx.doi.org/10.1016/j.wombi.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25096174
http://dx.doi.org/10.1002/14651858.CD011970.pub2
http://www.ncbi.nlm.nih.gov/pubmed/28472859
http://dx.doi.org/10.1016/j.jcjd.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29650113
http://dx.doi.org/10.1210/jcem.86.3.7339
http://www.ncbi.nlm.nih.gov/pubmed/11238474
http://dx.doi.org/10.1080/10408363.2017.1422109
http://www.ncbi.nlm.nih.gov/pubmed/29308692
http://dx.doi.org/10.2147/IJWH.S13333
http://www.ncbi.nlm.nih.gov/pubmed/21151681
http://dx.doi.org/10.1152/ajpendo.00060.2016
http://www.ncbi.nlm.nih.gov/pubmed/27406739
http://dx.doi.org/10.2119/molmed.2015.00262
http://www.ncbi.nlm.nih.gov/pubmed/27782293
http://dx.doi.org/10.1101/gad.1535507
http://www.ncbi.nlm.nih.gov/pubmed/17403778
http://dx.doi.org/10.5830/CVJA-2016-021
http://www.ncbi.nlm.nih.gov/pubmed/27213856
http://dx.doi.org/10.1007/s00125-010-1809-6
http://www.ncbi.nlm.nih.gov/pubmed/20523966
http://dx.doi.org/10.1155/2015/508409
http://www.ncbi.nlm.nih.gov/pubmed/26136779
http://dx.doi.org/10.1371/journal.pone.0106872
http://www.ncbi.nlm.nih.gov/pubmed/25216282
http://dx.doi.org/10.2217/dmt.10.24
http://www.ncbi.nlm.nih.gov/pubmed/21845205
http://dx.doi.org/10.1900/RDS.2012.9.407
http://www.ncbi.nlm.nih.gov/pubmed/23804276
http://dx.doi.org/10.1016/j.placenta.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/23245987
http://dx.doi.org/10.1095/biolreprod.115.132431
http://www.ncbi.nlm.nih.gov/pubmed/26269505
http://dx.doi.org/10.1074/jbc.275.20.15399
http://www.ncbi.nlm.nih.gov/pubmed/10809775


Int. J. Mol. Sci. 2018, 19, 3467 11 of 14

20. Rieck, S.; White, P.; Schug, J.; Fox, A.J.; Smirnova, O.; Gao, N.; Gupta, R.K.; Wang, Z.V.; Scherer, P.E.;
Keller, M.P.; et al. The transcriptional response of the islet to pregnancy in mice. Mol. Endocrinol. 2009, 23,
1702–1712. [CrossRef] [PubMed]

21. Søstrup, B.; Gaarn, L.W.; Nalla, A.; Billestrup, N.; Nielsen, J.H. Co-ordinated regulation of neurogenin-3
expression in the maternal and fetal pancreas during pregnancy. Acta Obstetricia Gynecologica Scandinavica
2014, 93, 1190–1197. [CrossRef] [PubMed]

22. Thorens, B. The required beta cell research for improving treatment of type 2 diabetes. J. Intern. Med. 2013,
274, 203–214. [CrossRef] [PubMed]

23. Rieck, S.; Kaestner, K.H. Expansion of β-cell mass in response to pregnancy. Trends Endocrinol. Metab. 2010,
21, 151–158. [CrossRef] [PubMed]

24. Plank, J.L.; Frist, A.Y.; LeGrone, A.W.; Magnuson, M.A.; Labosky, P.A. Loss of Foxd3 results in decreased
beta-cell proliferation and glucose intolerance during pregnancy. Endocrinology 2011, 152, 4589–4600.
[CrossRef] [PubMed]

25. Horn, S.; Kirkegaard, J.S.; Hoelper, S.; Seymour, P.A.; Rescan, C.; Nielsen, J.H.; Madsen, O.D.; Jensen, J.N.;
Kruger, M.; Gronborg, M.; et al. Research Resource: A Dual Proteomic Approach Identifies Regulated Islet
Proteins During beta-Cell Mass Expansion In Vivo. Mol. Endocrinol. 2016, 30, 133–143. [CrossRef] [PubMed]

26. Demirci, C.; Ernst, S.; Alvarez-Perez, J.C.; Rosa, T.; Valle, S.; Shridhar, V.; Casinelli, G.P.; Alonso, L.C.;
Vasavada, R.C.; García-Ocana, A. Loss of HGF/c-Met Signaling in Pancreatic β-Cells Leads to Incomplete
Maternal β-Cell Adaptation and Gestational Diabetes Mellitus. Diabetes 2012, 61, 1143–1152. [CrossRef]
[PubMed]

27. Johansson, M.; Mattsson, G.R.; Andersson, A.; Jansson, L.; Carlsson, P.-O. Islet Endothelial Cells and
Pancreatic β-Cell Proliferation: Studies in Vitro and during Pregnancy in Adult Rats. Endocrinology 2006,
147, 2315–2324. [CrossRef] [PubMed]

28. Ohara-Imaizumi, M.; Kim, H.; Yoshida, M.; Fujiwara, T.; Aoyagi, K.; Toyofuku, Y.; Nakamichi, Y.;
Nishiwaki, C.; Okamura, T.; Uchida, T.; et al. Serotonin regulates glucose-stimulated insulin secretion
from pancreatic β cells during pregnancy. Proc. Natl. Acad. Sci. USA 2013, 110, 19420–19425. [CrossRef]
[PubMed]

29. Hakonen, E.; Ustinov, J.; Palgi, J.; Miettinen, P.J.; Otonkoski, T. EGFR signaling promotes beta-cell
proliferation and survivin expression during pregnancy. PLoS ONE 2014, 9, e93651. [CrossRef] [PubMed]

30. Sorenson, R.; Brelje, T. Adaptation of islets of langerhans to pregnancy: B-cell growth, enhanced insulin
secretion and the role. Horm. Metab. Res. 1997, 29, 301–307. [CrossRef] [PubMed]

31. Lombardo, M.F.; De Angelis, F.; Bova, L.; Bartolini, B.; Bertuzzi, F.; Nano, R.; Capuani, B.; Lauro, R.;
Federici, M.; Lauro, D.; et al. Human placental lactogen (hPL-A) activates signaling pathways linked to
cell survival and improves insulin secretion in human pancreatic islets. Islets 2011, 3, 250–258. [CrossRef]
[PubMed]

32. Schraenen, A.; de Faudeur, G.; Thorrez, L.; Lemaire, K.; Van Wichelen, G.; Granvik, M.; Van Lommel, L.;
in’t Veld, P.; Schuit, F. mRNA expression analysis of cell cycle genes in islets of pregnant mice. Diabetologia
2010, 53, 2579–2588. [CrossRef] [PubMed]

33. Almaça, J.; Molina, J.; Menegaz, D.; Pronin, A.N.; Tamayo, A.; Slepak, V.; Berggren, P.-O.; Caicedo, A. Human
beta cells produce and release serotonin to inhibit glucagon secretion from alpha cells. Cell Rep. 2016, 17,
3281–3291. [CrossRef] [PubMed]

34. Baeyens, L.; Hindi, S.; Sorenson, R.L.; German, M.S. β-Cell Adaptation in Pregnancy. Diabetes Obes. Metab.
2016, 18 (Suppl. S1), 63–70. [CrossRef] [PubMed]

35. Plaisance, V.; Waeber, G.; Regazzi, R.; Abderrahmani, A. Role of MicroRNAs in Islet Beta-Cell Compensation
and Failure during Diabetes. J. Diabetes Res. 2014, 2014, 618652. [CrossRef] [PubMed]

36. Jacovetti, C.; Abderrahmani, A.; Parnaud, G.; Jonas, J.C.; Peyot, M.L.; Cornu, M.; Laybutt, R.; Meugnier, E.;
Rome, S.; Thorens, B.; et al. MicroRNAs contribute to compensatory beta cell expansion during pregnancy
and obesity. J. Clin. Investig. 2012, 122, 3541–3551. [CrossRef] [PubMed]

37. Lencioni, C.; Resi, V.; Romero, F.; Lupi, R.; Volpe, L.; Bertolotto, A.; Ghio, A.; Del Prato, S.; Marchetti, P.;
Di Cianni, G. Glucagon-like peptide-1 secretion in women with gestational diabetes mellitus during and
after pregnancy. J. Endocrinol. Investig. 2011, 34, e287–e290.

38. Liong, S.; Lappas, M. Endoplasmic reticulum stress regulates inflammation and insulin resistance in skeletal
muscle from pregnant women. Mol. Cell. Endocrinol. 2016, 425, 11–25. [CrossRef] [PubMed]

http://dx.doi.org/10.1210/me.2009-0144
http://www.ncbi.nlm.nih.gov/pubmed/19574445
http://dx.doi.org/10.1111/aogs.12495
http://www.ncbi.nlm.nih.gov/pubmed/25179808
http://dx.doi.org/10.1111/joim.12096
http://www.ncbi.nlm.nih.gov/pubmed/23751050
http://dx.doi.org/10.1016/j.tem.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/20015659
http://dx.doi.org/10.1210/en.2010-1462
http://www.ncbi.nlm.nih.gov/pubmed/21952247
http://dx.doi.org/10.1210/me.2015-1208
http://www.ncbi.nlm.nih.gov/pubmed/26649805
http://dx.doi.org/10.2337/db11-1154
http://www.ncbi.nlm.nih.gov/pubmed/22427375
http://dx.doi.org/10.1210/en.2005-0997
http://www.ncbi.nlm.nih.gov/pubmed/16439446
http://dx.doi.org/10.1073/pnas.1310953110
http://www.ncbi.nlm.nih.gov/pubmed/24218571
http://dx.doi.org/10.1371/journal.pone.0093651
http://www.ncbi.nlm.nih.gov/pubmed/24695557
http://dx.doi.org/10.1055/s-2007-979040
http://www.ncbi.nlm.nih.gov/pubmed/9230352
http://dx.doi.org/10.4161/isl.3.5.16900
http://www.ncbi.nlm.nih.gov/pubmed/21765243
http://dx.doi.org/10.1007/s00125-010-1912-8
http://www.ncbi.nlm.nih.gov/pubmed/20886204
http://dx.doi.org/10.1016/j.celrep.2016.11.072
http://www.ncbi.nlm.nih.gov/pubmed/28009296
http://dx.doi.org/10.1111/dom.12716
http://www.ncbi.nlm.nih.gov/pubmed/27615133
http://dx.doi.org/10.1155/2014/618652
http://www.ncbi.nlm.nih.gov/pubmed/24734255
http://dx.doi.org/10.1172/JCI64151
http://www.ncbi.nlm.nih.gov/pubmed/22996663
http://dx.doi.org/10.1016/j.mce.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26902174


Int. J. Mol. Sci. 2018, 19, 3467 12 of 14

39. Boyle, K.E.; Newsom, S.A.; Janssen, R.C.; Lappas, M.; Friedman, J.E. Skeletal muscle MnSOD, mitochondrial
complex II, and SIRT3 enzyme activities are decreased in maternal obesity during human pregnancy and
gestational diabetes mellitus. J. Clin. Endocrinol. Metab. 2013, 98, E1601–E1609. [CrossRef] [PubMed]

40. Yang, Y.; Liu, L.; Liu, B.; Li, Q.; Wang, Z.; Fan, S.; Wang, H.; Wang, L. Functional Defects of Regulatory
T Cell Through Interleukin 10 Mediated Mechanism in the Induction of Gestational Diabetes Mellitus.
DNA Cell Biol. 2018, 37, 278–285. [CrossRef] [PubMed]

41. Nordmann, T.M.; Dror, E.; Schulze, F.; Traub, S.; Berishvili, E.; Barbieux, C.; Böni-Schnetzler, M.; Donath, M.Y.
The Role of Inflammation in β-cell Dedifferentiation. Sci. Rep. 2017, 7, 6285. [CrossRef] [PubMed]

42. Ehses, J.A.; Perren, A.; Eppler, E.; Ribaux, P.; Pospisilik, J.A.; Maor-Cahn, R.; Gueripel, X.; Ellingsgaard, H.;
Schneider, M.K.J.; Biollaz, G.; et al. Increased Number of Islet-Associated Macrophages in Type 2 Diabetes.
Diabetes 2007, 56, 2356–2370. [CrossRef] [PubMed]

43. Sharma, R.B.; Alonso, L.C. Lipotoxicity in the Pancreatic Beta Cell: Not Just Survival and Function,
but Proliferation as Well? Curr. Diabetes Rep. 2014, 14, 492. [CrossRef] [PubMed]

44. Kitamura, Y.I.; Kitamura, T.; Kruse, J.-P.; Raum, J.C.; Stein, R.; Gu, W.; Accili, D. FoxO1 protects against
pancreatic β cell failure through NeuroD and MafA induction. Cell Metab. 2005, 2, 153–163. [CrossRef]
[PubMed]

45. Prentice, K.J.; Luu, L.; Allister, E.M.; Liu, Y.; Jun, L.S.; Sloop, K.W.; Hardy, A.B.; Wei, L.; Jia, W.;
Fantus, I.G.; et al. The furan fatty acid metabolite CMPF is elevated in diabetes and induces beta cell
dysfunction. Cell Metab. 2014, 19, 653–666. [CrossRef] [PubMed]

46. Cerf, M.E. Beta Cell Dysfunction and Insulin Resistance. Front. Endocrinol. 2013, 4, 37. [CrossRef] [PubMed]
47. Prentki, M.; Joly, E.; El-Assaad, W.; Roduit, R. Malonyl-CoA Signaling, Lipid Partitioning,

and Glucolipotoxicity. Diabetes 2002, 51 (Suppl. S3), S405–S413. [CrossRef] [PubMed]
48. Bensellam, M.; Laybutt, D.R.; Jonas, J.C. The molecular mechanisms of pancreatic beta-cell glucotoxicity:

Recent findings and future research directions. Mol. Cell Endocrinol. 2012, 364, 1–27. [CrossRef] [PubMed]
49. Tessier, D.R.; Ferraro, Z.M.; Gruslin, A. Role of leptin in pregnancy: Consequences of maternal obesity.

Placenta 2013, 34, 205–211. [CrossRef] [PubMed]
50. Wang, L.; Liu, Y.; Yan Lu, S.; Nguyen, K.T.T.; Schroer, S.A.; Suzuki, A.; Mak, T.W.; Gaisano, H.; Woo, M.

Deletion of Pten in Pancreatic β-Cells Protects Against Deficient β-Cell Mass and Function in Mouse Models
of Type 2 Diabetes. Diabetes 2010, 59, 3117–3126. [CrossRef] [PubMed]

51. Seufert, J. Leptin Effects on Pancreatic β-Cell Gene Expression and Function. Diabetes 2004, 53 (Suppl. S1),
S152–S158. [CrossRef] [PubMed]

52. Zampieri, T.T.; Ramos-Lobo, A.M.; Furigo, I.C.; Pedroso, J.A.B.; Buonfiglio, D.C.; Donato, J. SOCS3 deficiency
in leptin receptor-expressing cells mitigates the development of pregnancy-induced metabolic changes.
Mol. Metab. 2015, 4, 237–245. [CrossRef] [PubMed]

53. Qiao, L.; Wattez, J.S.; Lee, S.; Nguyen, A.; Schaack, J.; Hay, W.W., Jr.; Shao, J. Adiponectin Deficiency Impairs
Maternal Metabolic Adaptation to Pregnancy in Mice. Diabetes 2017, 66, 1126–1135. [CrossRef] [PubMed]

54. Retnakaran, R.; Hanley, A.J.G.; Connelly, P.W.; Maguire, G.; Sermer, M.; Zinman, B. Low Serum Levels
of High–Molecular Weight Adiponectin in Indo-Asian Women During Pregnancy. Diabetes Care 2006, 29,
1377–1379. [CrossRef] [PubMed]

55. Staiger, K.; Stefan, N.; Staiger, H.; Brendel, M.D.; Brandhorst, D.; Bretzel, R.G.; Machicao, F.; Kellerer, M.;
Stumvoll, M.; Fritsche, A.; et al. Adiponectin Is Functionally Active in Human Islets but Does Not Affect
Insulin Secretory Function or β-Cell Lipoapoptosis. J. Clin. Endocrinol. Metab. 2005, 90, 6707–6713. [CrossRef]
[PubMed]

56. Retnakaran, R. Adiponectin and β-Cell Adaptation in Pregnancy. Diabetes 2017, 66, 1121–1122. [CrossRef]
[PubMed]

57. Hill, D.J. Placental control of metabolic adaptations in the mother for an optimal pregnancy outcome. What
goes wrong in gestational diabetes? Placenta 2018, 69, 162–168. [CrossRef] [PubMed]

58. Jansson, N.; Rosario, F.J.; Gaccioli, F.; Lager, S.; Jones, H.N.; Roos, S.; Jansson, T.; Powell, T.L. Activation
of placental mTOR signaling and amino acid transporters in obese women giving birth to large babies.
J. Clin. Endocrinol. Metab. 2013, 98, 105–113. [CrossRef] [PubMed]

59. Zavalza-Gómez, A.B.; Anaya-Prado, R.; Rincón-Sánchez, A.R.; Mora-Martínez, J.M. Adipokines and insulin
resistance during pregnancy. Diabetes Res. Clin. Pract. 2008, 80, 8–15. [CrossRef] [PubMed]

http://dx.doi.org/10.1210/jc.2013-1943
http://www.ncbi.nlm.nih.gov/pubmed/23956348
http://dx.doi.org/10.1089/dna.2017.4005
http://www.ncbi.nlm.nih.gov/pubmed/29298097
http://dx.doi.org/10.1038/s41598-017-06731-w
http://www.ncbi.nlm.nih.gov/pubmed/28740254
http://dx.doi.org/10.2337/db06-1650
http://www.ncbi.nlm.nih.gov/pubmed/17579207
http://dx.doi.org/10.1007/s11892-014-0492-2
http://www.ncbi.nlm.nih.gov/pubmed/24740729
http://dx.doi.org/10.1016/j.cmet.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16154098
http://dx.doi.org/10.1016/j.cmet.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24703697
http://dx.doi.org/10.3389/fendo.2013.00037
http://www.ncbi.nlm.nih.gov/pubmed/23542897
http://dx.doi.org/10.2337/diabetes.51.2007.S405
http://www.ncbi.nlm.nih.gov/pubmed/12475783
http://dx.doi.org/10.1016/j.mce.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22885162
http://dx.doi.org/10.1016/j.placenta.2012.11.035
http://www.ncbi.nlm.nih.gov/pubmed/23332215
http://dx.doi.org/10.2337/db09-1805
http://www.ncbi.nlm.nih.gov/pubmed/20852026
http://dx.doi.org/10.2337/diabetes.53.2007.S152
http://www.ncbi.nlm.nih.gov/pubmed/14749281
http://dx.doi.org/10.1016/j.molmet.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25737950
http://dx.doi.org/10.2337/db16-1096
http://www.ncbi.nlm.nih.gov/pubmed/28073830
http://dx.doi.org/10.2337/dc06-0413
http://www.ncbi.nlm.nih.gov/pubmed/16732024
http://dx.doi.org/10.1210/jc.2005-0467
http://www.ncbi.nlm.nih.gov/pubmed/16204361
http://dx.doi.org/10.2337/dbi17-0001
http://www.ncbi.nlm.nih.gov/pubmed/28507212
http://dx.doi.org/10.1016/j.placenta.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29352600
http://dx.doi.org/10.1210/jc.2012-2667
http://www.ncbi.nlm.nih.gov/pubmed/23150676
http://dx.doi.org/10.1016/j.diabres.2007.12.012
http://www.ncbi.nlm.nih.gov/pubmed/18291552


Int. J. Mol. Sci. 2018, 19, 3467 13 of 14

60. Castillo-Castrejon, M.; Powell, T.L. Placental Nutrient Transport in Gestational Diabetic Pregnancies.
Front. Endocrinol. 2017, 8, 306. [CrossRef] [PubMed]

61. Chen, J.; Tan, B.; Karteris, E.; Zervou, S.; Digby, J.; Hillhouse, E.W.; Vatish, M.; Randeva, H.S. Secretion
of adiponectin by human placenta: Differential modulation of adiponectin and its receptors by cytokines.
Diabetologia 2006, 49, 1292. [CrossRef] [PubMed]

62. Drynda, R.; Persaud, S.J.; Bowe, J.E.; Jones, P.M. The Placental Secretome: Identifying Potential Cross-Talk
Between Placenta and Islet β-Cells. Cell. Physiol. Biochem. 2018, 45, 1165–1171. [CrossRef] [PubMed]

63. Moltz, J.H.; Fawcett, C.P. Corticotropin-releasing factor: Its action on the islets of Langerhans. Endocr. Res.
1985, 11, 87–93. [CrossRef] [PubMed]

64. Schmid, J.; Ludwig, B.; Schally, A.V.; Steffen, A.; Ziegler, C.G.; Block, N.L.; Koutmani, Y.; Brendel, M.D.;
Karalis, K.P.; Simeonovic, C.J.; et al. Modulation of pancreatic islets-stress axis by hypothalamic releasing
hormones and 11beta-hydroxysteroid dehydrogenase. Proc. Natl. Acad. Sci. USA 2011, 108, 13722–13727.
[CrossRef] [PubMed]

65. Mack, L.R.; Tomich, P.G. Gestational Diabetes: Diagnosis, Classification, and Clinical Care. Obstet. Gynecol.
Clin. N. Am. 2017, 44, 207–217. [CrossRef] [PubMed]

66. Comtois, R.; Seguin, M.C.; Aris-Jilwan, N.A.H.L.A.; Couturier, M.; Beauregard, H. Comparison of obese and
non-obese patients with gestational diabetes. Int. J. Obes. Relat. Metab. Disord 1993, 17, 605–608.

67. Kautzky-Willer, A.; Prager, R.; Waldhäusl, W.; Pacini, G.; Thomaseth, K.; Wagner, O.F.; Ulm, M.; Streli, C.;
Ludvik, B. Pronounced Insulin Resistance and Inadequate β-cell Secretion Characterize Lean Gestational
Diabetes During and After Pregnancy. Diabetes Care 1997, 20, 1717–1723. [CrossRef] [PubMed]

68. Yamamoto, J.M.; Kellett, J.E.; Balsells, M.; García-Patterson, A.; Hadar, E.; Solà, I.; Gich, I.; van der Beek, E.M.;
Castañeda-Gutiérrez, E.; Heinonen, S.; et al. Gestational Diabetes Mellitus and Diet: A Systematic Review
and Meta-analysis of Randomized Controlled Trials Examining the Impact of Modified Dietary Interventions
on Maternal Glucose Control and Neonatal Birth Weight. Diabetes Care 2018, 41, 1346–1361. [CrossRef]
[PubMed]

69. Nielsen, K.K.; Kapur, A.; Damm, P.; de Courten, M.; Bygbjerg, I.C. From screening to postpartum
follow-up—The determinants and barriers for gestational diabetes mellitus (GDM) services, a systematic
review. BMC Pregnancy Childbirth 2014, 14, 41. [CrossRef] [PubMed]

70. Arshad, R.; Karim, N.; Ara Hasan, J. Effects of insulin on placental, fetal and maternal outcomes in gestational
diabetes mellitus. Pak. J. Med. Sci. 2014, 30, 240–244. [CrossRef] [PubMed]

71. Blum, A.K. Insulin Use in Pregnancy: An Update. Diabetes Spectr. 2016, 29, 92–97. [CrossRef] [PubMed]
72. Feig, D.S.; Moses, R.G. Metformin Therapy During Pregnancy. Diabetes Care 2011, 34, 2329. [CrossRef]

[PubMed]
73. Mukerji, G.; Feig, D.S. Pharmacological Management of Gestational Diabetes Mellitus. Drugs 2017, 77,

1723–1732. [CrossRef] [PubMed]
74. Nicholson, W.; Bolen, S.; Witkop, C.T.; Neale, D.; Wilson, L.; Bass, E. Benefits and risks of oral diabetes agents

compared with insulin in women with gestational diabetes: A systematic review. Obstet. Gynecol. 2009, 113,
193–205. [CrossRef] [PubMed]

75. Parast, V.M.; Paknahad, Z. Antioxidant Status and Risk of Gestational Diabetes Mellitus: A Case-Control
Study. Clin. Nutr. Res. 2017, 6, 81–88. [CrossRef] [PubMed]

76. Barrett, H.L.; Dekker Nitert, M.; McIntyre, H.D.; Callaway, L.K. Normalizing Metabolism in Diabetic
Pregnancy: Is It Time to Target Lipids? Diabetes Care 2014, 37, 1484–1493. [CrossRef] [PubMed]

77. Goldberg, A.S.; Hegele, R.A. Severe Hypertriglyceridemia in Pregnancy. J. Clin. Endocrinol. Metab. 2012, 97,
2589–2596. [CrossRef] [PubMed]

78. Kusters, D.M.; Hassani Lahsinoui, H.; van de Post, J.A.; Wiegman, A.; Wijburg, F.A.; Kastelein, J.J.;
Hutten, B.A. Statin use during pregnancy: A systematic review and meta-analysis. Expert Rev.
Cardiovasc. Ther. 2012, 10, 363–378. [CrossRef] [PubMed]

79. Kereliuk, S.M.; Brawerman, G.M.; Dolinsky, V.W. Maternal Macronutrient Consumption and the
Developmental Origins of Metabolic Disease in the Offspring. Int. J. Mol. Sci. 2017, 18, 1451. [CrossRef]
[PubMed]

80. Aye, I.L.; Rosario, F.J.; Powell, T.L.; Jansson, T. Adiponectin supplementation in pregnant mice prevents the
adverse effects of maternal obesity on placental function and fetal growth. Proc. Natl. Acad. Sci. USA 2015,
112, 12858–12863. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fendo.2017.00306
http://www.ncbi.nlm.nih.gov/pubmed/29163373
http://dx.doi.org/10.1007/s00125-006-0194-7
http://www.ncbi.nlm.nih.gov/pubmed/16570162
http://dx.doi.org/10.1159/000487357
http://www.ncbi.nlm.nih.gov/pubmed/29448249
http://dx.doi.org/10.3109/07435808509035427
http://www.ncbi.nlm.nih.gov/pubmed/3899622
http://dx.doi.org/10.1073/pnas.1110965108
http://www.ncbi.nlm.nih.gov/pubmed/21825133
http://dx.doi.org/10.1016/j.ogc.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28499531
http://dx.doi.org/10.2337/diacare.20.11.1717
http://www.ncbi.nlm.nih.gov/pubmed/9353615
http://dx.doi.org/10.2337/dc18-0102
http://www.ncbi.nlm.nih.gov/pubmed/29934478
http://dx.doi.org/10.1186/1471-2393-14-41
http://www.ncbi.nlm.nih.gov/pubmed/24450389
http://dx.doi.org/10.12669/pjms.302.4396
http://www.ncbi.nlm.nih.gov/pubmed/24772119
http://dx.doi.org/10.2337/diaspect.29.2.92
http://www.ncbi.nlm.nih.gov/pubmed/27182178
http://dx.doi.org/10.2337/dc11-1153
http://www.ncbi.nlm.nih.gov/pubmed/21949224
http://dx.doi.org/10.1007/s40265-017-0807-0
http://www.ncbi.nlm.nih.gov/pubmed/28864965
http://dx.doi.org/10.1097/AOG.0b013e318190a459
http://www.ncbi.nlm.nih.gov/pubmed/19104375
http://dx.doi.org/10.7762/cnr.2017.6.2.81
http://www.ncbi.nlm.nih.gov/pubmed/28503504
http://dx.doi.org/10.2337/dc13-1934
http://www.ncbi.nlm.nih.gov/pubmed/24757231
http://dx.doi.org/10.1210/jc.2012-1250
http://www.ncbi.nlm.nih.gov/pubmed/22639290
http://dx.doi.org/10.1586/erc.11.196
http://www.ncbi.nlm.nih.gov/pubmed/22390808
http://dx.doi.org/10.3390/ijms18071451
http://www.ncbi.nlm.nih.gov/pubmed/28684678
http://dx.doi.org/10.1073/pnas.1515484112
http://www.ncbi.nlm.nih.gov/pubmed/26417088


Int. J. Mol. Sci. 2018, 19, 3467 14 of 14

81. Mohammadi, T.; Paknahad, Z. Adiponectin Concentration in Gestational Diabetic Women: A Case-Control
Study. Clin. Nutr. Res. 2017, 6, 267–276. [CrossRef] [PubMed]

82. Shapiro, A.M.J.; Lakey, J.R.T.; Ryan, E.A.; Korbutt, G.S.; Toth, E.; Warnock, G.L.; Kneteman, N.M.;
Rajotte, R.V. Islet Transplantation in Seven Patients with Type 1 Diabetes Mellitus Using a Glucocorticoid-Free
Immunosuppressive Regimen. N. Engl. J. Med. 2000, 343, 230–238. [CrossRef] [PubMed]

83. Kladko, B. Potential New Diabetes Treatment Being Tested in Vancouver. Available online: https://news.ubc.
ca/2018/01/16/potential-new-diabetes-treatment-being-tested-in-vancouver/ (accessed on 30 August 2018).

84. Zang, L.; Hao, H.; Liu, J.; Li, Y.; Han, W.; Mu, Y. Mesenchymal stem cell therapy in type 2 diabetes mellitus.
Diabetol. Metab. Syndr. 2017, 9, 36. [CrossRef] [PubMed]

85. Dong, Q.Y.; Chen, L.; Gao, G.Q.; Wang, L.; Song, J.; Chen, B.; Xu, Y.X.; Sun, L. Allogeneic diabetic
mesenchymal stem cells transplantation in streptozotocin-induced diabetic rat. Clin. Investig. Med. 2008, 31,
E328–E337. [CrossRef]

86. Wu, X.H.; Liu, C.P.; Xu, K.F.; Mao, X.D.; Zhu, J.; Jiang, J.J.; Cui, D.; Zhang, M.; Xu, Y.; Liu, C. Reversal of
hyperglycemia in diabetic rats by portal vein transplantation of islet-like cells generated from bone marrow
mesenchymal stem cells. World J. Gastroenterol. 2007, 13, 3342–3349. [CrossRef] [PubMed]

87. Aguayo-Mazzucato, C.; Bonner-Weir, S. Pancreatic β Cell Regeneration as a Possible Therapy for Diabetes.
Cell Metab. 2018, 27, 57–67. [CrossRef] [PubMed]

88. Bonner-Weir, S.; Taneja, M.; Weir, G.C.; Tatarkiewicz, K.; Song, K.-H.; Sharma, A.; O’Neil, J.J. In vitro
cultivation of human islets from expanded ductal tissue. Proc. Natl. Acad. Sci. USA 2000, 97, 7999–8004.
[CrossRef] [PubMed]

89. Abouna, S.; Old, R.W.; Pelengaris, S.; Epstein, D.; Ifandi, V.; Sweeney, I.; Khan, M. Non-β-cell progenitors of
β-cells in pregnant mice. Organogenesis 2010, 6, 125–133. [CrossRef] [PubMed]

90. Robitaille, K.; Rourke, J.L.; McBane, J.E.; Fu, A.; Baird, S.; Du, Q.; Kin, T.; Shapiro, A.M.J.; Screaton, R.A.
High-throughput Functional Genomics Identifies Regulators of Primary Human Beta Cell Proliferation.
J. Biol. Chem. 2016, 291, 4614–4625. [CrossRef] [PubMed]

91. Annes, J.P.; Ryu, J.H.; Lam, K.; Carolan, P.J.; Utz, K.; Hollister-Lock, J.; Arvanites, A.C.; Rubin, L.L.; Weir, G.;
Melton, D.A. Adenosine kinase inhibition selectively promotes rodent and porcine islet β-cell replication.
Proc. Natl. Acad. Sci. USA 2012, 109, 3915–3920. [CrossRef] [PubMed]

92. Bonner-Weir, S.; Toschi, E.; Inada, A.; Reitz, P.; Fonseca, S.Y.; Aye, T.; Sharma, A. The pancreatic ductal
epithelium serves as a potential pool of progenitor cells. Pediatr. Diabetes 2004, 5, 16–22. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7762/cnr.2017.6.4.267
http://www.ncbi.nlm.nih.gov/pubmed/29124047
http://dx.doi.org/10.1056/NEJM200007273430401
http://www.ncbi.nlm.nih.gov/pubmed/10911004
https://news.ubc.ca/2018/01/16/potential-new-diabetes-treatment-being-tested-in-vancouver/
https://news.ubc.ca/2018/01/16/potential-new-diabetes-treatment-being-tested-in-vancouver/
http://dx.doi.org/10.1186/s13098-017-0233-1
http://www.ncbi.nlm.nih.gov/pubmed/28515792
http://dx.doi.org/10.25011/cim.v31i6.4918
http://dx.doi.org/10.3748/wjg.v13.i24.3342
http://www.ncbi.nlm.nih.gov/pubmed/17659673
http://dx.doi.org/10.1016/j.cmet.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28889951
http://dx.doi.org/10.1073/pnas.97.14.7999
http://www.ncbi.nlm.nih.gov/pubmed/10884429
http://dx.doi.org/10.4161/org.6.2.10374
http://www.ncbi.nlm.nih.gov/pubmed/20885859
http://dx.doi.org/10.1074/jbc.M115.683912
http://www.ncbi.nlm.nih.gov/pubmed/26740620
http://dx.doi.org/10.1073/pnas.1201149109
http://www.ncbi.nlm.nih.gov/pubmed/22345561
http://dx.doi.org/10.1111/j.1399-543X.2004.00075.x
http://www.ncbi.nlm.nih.gov/pubmed/15601370
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Metabolic Adaptations during Mammalian Pregnancy 
	-Cell Adaptations 
	Pregnancy Hormones: Prolactin and Placental Lactogen 
	-Cell Pathology in GDM 
	Oxidative Stress and Inflammation 
	Lipotoxicity and Oxidative Stress 
	Adipokine Signalling 
	Placental Signalling and Metabolism 
	Current Therapeutic Strategies 
	-Cell Targeted Therapies for GDM 
	The Future of -Cell Targeted Therapeutics 
	Conclusions 
	References

