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Gestational diabetes is a major public health problem because of its prevalence, its associated complications

during pregnancy, and its increased risk for type 2 diabetes later in life. Insulin resistance is one of many

physiological changes occurring during pregnancy, and when insulin resistance is accompanied by pancreatic �-cell

insufficiency, gestational diabetes may develop. Several lines of evidence suggest that gestational diabetes

shares a common etiology with type 2 diabetes and support the hypothesis that gestational diabetes serves as a

window to reveal a predisposition to type 2 diabetes. Pregnancy is an environmental stressor that may catalyze the

progression to a diabetic state in genetically predisposed women; therefore, identification of these women during

pregnancy could decrease the occurrence of type 2 diabetes through targeted prevention. This review presents an

overview of the genetics of gestational diabetes, focusing on human association studies with candidate genes

common to both type 2 diabetes and gestational diabetes. Genet Med 2008:10(4):240–250.
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Gestational diabetes mellitus (GDM) is a major public
health problem because of its prevalence and its associated
complications during pregnancy. It is estimated that 4% of
pregnancies in the United States are complicated by GDM,
although the prevalence of GDM varies considerably among
racial and ethnic groups.1 Uncontrolled GDM increases the
risk of adverse neonatal outcomes such as macrosomia, birth
injuries, neonatal hypoglycemia, neonatal cardiac dysfunction,
and stillbirth.2 In addition to increasing the risk of adverse
infant outcomes, GDM also has high predictive value for later
development of type 2 diabetes (T2D) in themother and in her
offspring.Womenwho experienceGDMhave increased risk of
developing T2D after pregnancy, ranging from 17% to 63%
within 5–16 years after pregnancy depending on the popula-
tion and other risk factors.3 Additionally, offspring of mothers
with GDM are more likely to be obese and display impaired
glucose tolerance during adolescence than are offspring of

nondiabetic mothers. Thus, diabetes during pregnancy is not
only associated with the later risk of diabetes in mothers but
also with metabolic changes that may lead to the development
of diabetes in their offspring.4 This observed connection be-
tween GDM and risk of T2D strongly suggests that GDM can
serve as awindow revealing a predisposition toT2D,with preg-
nancy as the environmental stressor that catalyzes progression
to a diabetic state in predisposed individuals.5

Several lines of evidence support the above hypothesis. First,
GDMshares several risk factors with T2D, including high body
mass index (BMI), history of abnormal glucose tolerance, dia-
betes in a first-degree relative, and membership in an ethnic
group with a high risk of T2D.6 Second, GDM and T2D
share similar pathophysiologies: women undergo major
physiological changes during pregnancy that allow the fetus
to survive and thrive in the intrauterine environment. One
important physiological change that occurs in normal preg-
nancies is an increase in insulin resistance throughout preg-
nancy.6 By late pregnancy, women’s insulin sensitivity has
declined to one third that of their nonpregnant state. This
increased insulin resistance facilitates continuous glucose
transfer to the fetus. However, when insulin resistance is
accompanied by pancreatic �-cell insufficiency, GDM may
develop.7 The pathophysiological changes of GDM are sim-
ilar to those observed in T2D, which is also characterized by
peripheral insulin resistance accompanied by an insulin-
secretory defect.
Evidence is also accumulating that susceptibility to GDM—

much like T2D—has a genetic component. Although no studies
have specifically evaluated the heritability of GDM, evidence
suggests that GDM aggregates within families and is associated
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with a history of T2D.Williams et al.8 observed that the risk of
GDM was positively associated with parental history of T2D.
Women with any parental history of diabetes, compared with
women with nondiabetic parents, experienced a 2.3-fold in-
creased risk of GDM.8 Additionally, women with a diabetic
sibling had an 8.4-fold higher risk of GDM than women with
no diabetic siblings.8 The heritability of GDM is complicated,
however, by accumulating evidence suggesting that the predis-
position to GDM may be at least partly attributable to epige-
netic changes caused by prenatal exposure to a diabetic intra-
uterine environment. For instance,Martin et al.9 observed that
GDMwas eight times more frequent in the mothers of women
who have GDM than in the mothers of the “controls”; by con-
trast, the incidence of diabetes was the same in the fathers of
both groups. Similarly, Harder et al.10 found that among
women with GDM, noninsulin-dependent diabetes mellitus
(NIDDM) was more prevalent in their mothers than their fa-
thers, and more common on the maternal grandmaternal side
than on the paternal grandpaternal side. By contrast, in pa-
tients with IDDM no significant difference concerning the
prevalence of any type of diabetes betweenmothers and fathers
was observed. These findings suggest some unique aspects of
family history in GDM that deserve further inquiry and de-
tailed examination beyond the scope of this review.
Genetic studies of T2D suggest that it is a multigenic disease

in which common variants in multiple genes interact with en-
vironmental factors to cause the disease.11–13 Because of the
striking parallels between GDM and T2D, it is likely that GDM
is also a multigenic disease related to T2D. Thus, recent work
on the etiology of GDMhas begun to evaluate the role of com-
mon variants in genes predisposing to T2D. This article pro-
vides a review of genetic variations evaluated for an association
with GDM, focusing on genetic markers that are common to
both GDM and T2D. The ability to identify pregnant women
with a genetic predisposition to develop T2D later in life will
enable the use of targeted prevention strategies, including life-
stylemodifications, topreventordelay theonsetof this condition.
Additionally, identification of gene variants linked to GDM will
contribute to understanding the pathophysiology of GDM and,
eventually, developing interventions for its prevention.

MATERIALS AND METHODS

A search of the PubMed database was performed to retrieve
articles addressing the genetics of GDM published between
January 1, 1980, and September 1, 2007. The following key-
words were used: GDM, T2D, insulin resistance, pregnancy,
�-cell genetics, NIDDM, in combination with genetics, poly-
morphisms, and gene. Articles examining the association be-
tween GDM and genetic variants were abstracted, focusing on
genetic markers common to both GDMand T2D. Nonfamilial
cross-sectional, case-control, and cohort studies were eligible
for inclusion. Based on these selection criteria, 22 genetic asso-
ciation studies were included in the review. Thirteen studies
were excluded for the following reasons: GDM was not the
primary outcome, family-based studies, control group not ap-

propriate for case-control studies (e.g., individuals with
NIDDM as controls), no subjects’ characteristics available.We
also excluded studies reporting associations between GDM
and genes from the HLA complex, because these genes are
more closely linked to type 1 diabetes than to T2D and have
been reviewed elsewhere.14

RESULTS OF DATABASE SEARCH: GENES ASSOCIATED
WITH GDM

The following section reviews studies of genetic variants as-
sociated with GDM. These variants have been grouped as (a)
insulin secretion genes; (b) insulin and insulin signaling genes;
(c) lipid and glucose metabolism genes; (d) maturity-onset
diabetes of the young (MODY) genes; and (e) other genes. A
summary of these studies is presented in Table 1 (available
online only). Table 2 (available online only) provides a de-
scription of the GDM-associated genes and their functions.

Insulin secretion genes

�-Cell KATP channel

The �-cell KATP channel is composed of two subunits: the
potassium inwardly rectifying channel, subfamily J, member
11 (KCNJ11), and the sulfonylurea receptor 1 (ABCC8). The
flux of K� ions, and therefore the electrical activity of cell
membranes, is regulated by the KATP channels. Release of in-
sulin by�-cells is initiated by this electrical activity, and thus, is
dependent on the function of KATP channels.15

Several mutations within the ABCC8 gene have been associ-
ated with hyperinsulinemia of infancy.15 More common vari-
ations within this gene have also been studied in relation to
T2D. Among them, the �3T allele of the exon 16 �3C�T
splice acceptor site variant has been associated with �-cell dys-
function as well as with an increased risk of T2D.16–19 Another
variant, the Arg1273Arg (A�G), has been associated with
T2D-related phenotypes such as hyperinsulinemia in nondia-
betic Mexican Americans.20

Only one study, to our knowledge, examined the relationship
between GDM and variants within the ABCC8 gene. Rissanen et
al.19 examined eight variants identified by molecular screening
of the gene in 42 Finnish patients with GDM. Among the
variants examined, the exon 16 �3T allele and the 1273G
allele of the Arg1273Arg variant were more frequent in
women with GDM compared with 377 control subjects
(55.0% vs. 43.0%, P � 0.024 and 87.0% vs. 74.0%, P �
0.009, respectively). No significant difference in allele fre-
quency was observed for the other variants identified. De-
spite these associations with GDM, these variants were not
associated with variations in insulin secretion as demon-
strated previously.20 Because of the inclusion of men as con-
trol subjects and the small number of subjects, this positive
association needs support from further studies.
KCNJ11 encodes the other subunit of the �-cell ATP-sensi-

tive potassium (KATP) channel. A variant has been identified in
the KCNJ11 gene that results in substitution of a lysine for a
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glutamic acid, Glu23Lys. In vitro studies have demonstrated
that the variant induces overactivity of pancreatic �-cell KATP

channels, leading to decreased insulin secretion.21 Given the
role of KCNJ11 in insulin secretion, a number of studies have
investigated the KCNJ11 Glu23Lys variant in relation to T2D.
Data from a meta-analysis suggest that the population-attrib-
utable risk for T2D was 6.2% for the KCNJ11 Lys23/Lys23 ge-
notype and 10.1% for the KCNJ11 Glu23/Lys23 and Lys23/
Lys23 genotypes combined.22 Another meta-analysis combining
association studies among whites showed that the Glu23Lys
variant was significantly associatedwith T2Dwith Lys23/Lys23
homozygosity being significantly more frequent in patients
with T2D than in control subjects.23

Despite strong evidence of association between this variant
within the KCNJ11 gene and T2D, only one published study
has reported the effect of this polymorphismonGDM. Shaat et
al.24 found an increased frequency of the Lys23 allele among
588 Scandinavian women with GDM compared with 1189
nondiabetic pregnant controls (42.2% vs. 38.3%, odds ratio
[OR]: 1.17, 95% confidence interval [CI]: 1.02–1.35). These
results are consistent with the impaired insulin secretion asso-
ciated with the KCNJ11 Glu23Lys variant. However, the asso-
ciation was not adjusted for potential confounders such as age
and BMI.

Uncoupling protein-2 (UCP2)

Uncoupling proteins (UCP) are members of the larger fam-
ily of mitochondrial anion carrier proteins. UCPs separate ox-
idative phosphorylation from ATP synthesis with energy dis-
sipated as heat, referred to as the mitochondrial proton leak.
The exact role of UCP2 is still unclear, but it seems to inhibit
insulin secretion in pancreatic islet �-cells.25 A polymorphism
in the promoter region of the UCP2 gene has been identified,
�866G�A.26 The �866A allele is associated with enhanced
adipose tissue mRNA expression in vivo and results in in-
creased transcription of a reporter gene in the human adipo-
cyte cell line PAZ-6.26 Previously, the �866G�A polymor-
phism had been associated with a lower risk of obesity and a
slightly lower risk of T2D.26,27

This polymorphism has only been investigated in relation to
GDM in one study by Shaat et al.24 They found similar �866G
allele frequency in 588 Scandinavian womenwith GDMand in
1189 control women (61.8% vs. 60.2%, OR: 1.07, 95% CI:
0.92–1.23). Lack of statistical power is unlikely to account for
absence of association, because the study had 99% power to
detect an effect. Therefore, in Scandinavian women, the �866
G�A polymorphism does not seem to confer increased risk of
GDM.

Mitochondrially encoded NADH dehydrogenase 1 (ND1)

Mitochondrial NADH dehydrogenase, subunit 1 (ND1), is
part of the electron transport chain and is involved in glucose
metabolism. Reduced activity of the respiratory chain and de-
creased production of ATP in the mitochondria result in insu-
lin secretion defects.28 Three studies have reported associations

between variants within the mitochondrial ND1 gene and
T2D.29–31

Chen et al.32 investigated the association between several
nucleotide variations within theND1 gene andGDM in a case-
control study. The cohort included 137 Singaporean women
with GDM and 292 nondiabetic pregnant womenwith normal
glucose tolerance. Carriers of the Thr31 allele of theMet31Thr
polymorphism were observed more frequently among women
with GDM than among control subjects (2.9% vs. 0%, P �
0.01). However, rare allele carriers for the other variants stud-
ied occurred with similar frequency in GDM and control sub-
jects. Interestingly, 75% of women with GDMwho carried the
high risk allele (Thr31) had a maternal history of diabetes,
suggesting a maternal influence on the development of GDM
in these women. Although no functional data are available to
confirm the functional effect of this variant, the substitution is
in a highly conserved position of the mitochondrially encoded
ND1 of several mammalian species, which suggests that the
variant may have important physiological consequences for
the role of this protein.

Transcription factor 7-like 2 (TCF7L2)

The transcription factor 7-like 2 (TCF7L2) is a member of
the Wnt signaling pathway, but its role in the pathogenesis of
diabetes is not well understood. Recent studies have shown a
consistent and strong association between variants of TCF7L2
and T2D33 potentially through a mechanism involving insulin
secretion.34–36

The association between TCF7L2 variants and GDM has
been studied in two different populations. Shaat et al.37 found
that the T allele of the rs7903146 (IVS3C�T) variant was as-
sociated with an increased risk for GDM among 1881 unre-
lated pregnant Scandinavianwomen (649withGDMand 1232
nondiabetic controls). The effect size forGDMreported by this
group was similar to that reported in patients with T2D.33

Watanabe et al.38 observed that the T allele of the rs12255372
variant wasmore frequent among 94Mexican-Americanwomen
with previous GDM compared with 58 control subjects. These
results suggest that TCF7L2may be involved in GDM.

Insulin and insulin signaling genes

Insulin (INS)

Considering the role of insulin in the pathogenesis of diabe-
tes, the gene INS encoding this hormone is a candidate gene for
the study of T2D. A variable number of tandem repeats
(VNTR) located approximately 0.5 kb upstream of the insulin
gene has been identified and consists of a 14–15 bp unit con-
sensus sequence (ACAGGGGTCTGGGG) with slight varia-
tions of the repeat sequence.39,40 Expression of the INS gene in
the pancreas seems to be influenced by the number of repeats
of this VNTR polymorphism, with the class III allele showing
lower expression than the class I allele.41 The INS VNTR class
III allele has been linked to a greater risk of T2D in some42,43

but not all44,45 studies, whereas the class I allele shows a pro-
tective effect for type 1 diabetes.42
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The relationship between the INS VNTR polymorphism
and GDM has been less studied. In a study by Shaat et al.46 the
frequency of the INS VNTR III allele in 400 Scandinavian
women with GDM was similar to that found in 428 nondia-
betic women from the same population. Among women of
Arabian origin, the INS VNTR III allele occurred with similar
frequency in 100 diabetic pregnant women and 122 nondia-
betic pregnantwomen.Conversely, Litou et al.47 found that the
VNTR III allele frequency was higher among 161 women diag-
nosed with GDM compared with 111 normal glucose tolerant
women, all of Greek ethnic origin. Discrepancies may be at-
tributable to differences in genetic background.

Insulin receptor (INSR)

Because binding of insulin to the insulin receptor stimulates
glucose uptake, the insulin receptor gene INSR is involved in
the regulation of glucose homeostasis. Raremutations in INSR
cause syndromes displaying severe insulin resistance.48 INSR
polymorphisms have been associated with T2D and related
phenotypes in some studies16,49 but not in others.50–52

Ober et al.53 investigated the association between GDM and
the INSR KPNI polymorphism in 3 different populations. The
cohort study included 26 black womenwith GDMand 47 con-
trol women, 24 white women with GDM and 49 control
women, and 42 Hispanic women with GDM and 49 control
women. The allele 1 (15.5 kbp) frequency was similar in His-
panic women with GDM and Hispanic control women. How-
ever, among black women with GDM, the INSR KPNI allele
contributed significantly to the risk of GDM (P � 0.001) after
adjusting for BMI, family history of T2D, age, and oral contra-
ceptive use; similar results were obtained inwhite women (P�
0.007).

Insulin-like growth factor 2 (IGF2)

The IGF2 gene encodes a member of the insulin family of
polypeptide growth factors. Their functions includemediation
of growth hormone action, stimulation of growth of cultured
cells, stimulation of the action of insulin, and involvement in
development and growth. IGF2 also influences pancreatic
�-cell growth and development by regulating �-cell replica-
tion, renewal, and apoptosis.54,55 The IGF2 gene is adjacent to
the INS gene. Data from animal studies have demonstrated the
role of IGF2 in body weight regulation and lipid metabo-
lism.56,57 In addition, low IGF2 levels predict weight gain in
subjects with T2D,58 and variants within the IGF2 gene have
been associated with T2D.59

Ober et al.53 investigated whether the IGF2 BamHI poly-
morphism is associated with GDM in three different popu-
lations, including 28 black women with GDM and 51 con-
trol women, 24 white women with GDM and 53 control
women, and 42 Hispanic women with GDM and 57 control
women. The allele 1 (2.2 kbp) frequency in black and His-
panic women with GDM was similar to the frequency in
their respective controls. Among white women, allele 1 (2.2
kbp) was more common among control subjects than in
GDM patients (77% vs. 64%). In a multiple logistic regres-

sion analysis that included bodymass index (BMI), family his-
tory of GDM, gravidity, and INSRKPNI allele 1 carriage, allele
2 (1.2 kbp) of IGF2 BamHI contributed significantly to GDM
when occurring in combination with the INSR KPNI allele 1
but not independently. The OR for women with BMI � 30,
INSRKPNI allele 1, and IGF2BamHI allele 2 is 34 times greater
than for women with the same BMI and INSR KPNI allele 1,
but without IGF2 BamHI allele 2 (OR � 67.76 vs. 2.01). These
results should, however, be interpretedwith caution because of
the small number of subjects and the deviation of the genotype
distribution from a Hardy-Weinberg equilibrium.

Insulin receptor substrate 1 (IRS1)

IRS1 is a substrate of the insulin receptor tyrosine kinase and
a putative participant in insulin signaling.60 After phosphory-
lation of tyrosine by the insulin receptor kinase, IRS1 recruits
and activates signal transduction molecules in the insulin sig-
naling cascade.60 Because of the central role of the IRS1 gene in
the signal transduction pathway, many studies have investi-
gated the role of polymorphisms within this gene in the patho-
genesis of T2D.61,62 In vitro studies demonstrated that the
Gly972Arg polymorphism reduced tyrosine phosphorylation
and allowed IRS1 to inhibit the insulin receptor kinase, pro-
ducing global insulin resistance.61 Ameta-analysis showed that
carriers of the 972Arg variant of the IRS1 gene had a 25%
greater risk of having T2D, compared with noncarriers.62

Considering the role of IRS1 in insulin signaling, the
Gly972Arg polymorphismwas investigated in association with
GDM. Fallucca et al.63 observed that the frequency of the IRS1
Arg972 allele was higher in 309 white women with GDM than
in 277with normal glucose tolerance. Conversely, Shaat et al.24

observed a similar 972Arg allele frequency in 588 Scandinavian
women having GDM and 1189 nondiabetic pregnant controls
(4.8% compared with 4.7%, OR: 1.04, 95% CI: 0.75–1.44).
Similarly, Tok et al.64 found that the frequency of the hetero-
zygote genotype (Gly972/Arg) was similar in 62 women with
GDM and in 100 control women of unspecified ethnicity. Al-
though no association between the IRS1 Gly972Arg polymor-
phism and GDM was observed in these two studies, other re-
sults deserve further attention. First, in the Scandinavian
study, homozygosity for the Arg972 allele (Arg972/Arg972)
was found exclusively in women with GDM.24 Furthermore,
the variant was associated with higher fasting glucose and in-
sulin levels in women with GDM in the study by Tok et al.64

Lipid and glucose metabolism genes

Peroxisome proliferative activated receptor, gamma (PPARG)

PPARG is a transcription factor that regulates adipocyte dif-
ferentiation as well as lipid and glucose metabolism.65 PPARG
binds to specific response-elements in the promoter regions of
target genes and influences their expression.65 A variant in
PPARG has been identified and involves the substitution of an
alanine for a proline at amino acid 12 (Pro12Ala).66 Transfec-
tion assays have demonstrated that the Ala12 variant was asso-
ciated with lower binding affinity of PPARG to the promoter
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element, suggesting a functional effect of this variant on the
protein.66 The PPARG Pro12Ala polymorphism has been ex-
tensively studied in relation to T2D. Data from ameta-analysis
suggest that themore common Pro12 allele confers amodestly
increased risk of T2D; but when translated at the population
level, the attributable risk in the general population is esti-
mated at 25%.67 The finding of decreased insulin sensitivity
among carriers of the Pro12 allele supports results from this
meta-analysis.66

Shaat et al.46 examined the association between the PPARG
Pro12Ala polymorphism and GDM in two samples of Scandi-
navian and Arabian origin. Among 400 Scandinavian women
with GDM, the frequency of the Ala12 allele was similar to that
found in 428 nondiabetic pregnant controls (14.6% vs. 13.7%,
P� 0.05). Similar results were obtained in 100Arabianwomen
with GDM compared with 122 Arabian controls (4.5% vs.
7.0%, P � 0.05). Because of the role of this polymorphism in
T2D, an association with GDM had been expected. The au-
thors point out that the negative findings may result from a
lack of power to detect the true association, because the sample
size required to demonstrate associations exceeds the sample
size in this study. However, the same research group found no
association in a larger study including 649 Scandinavian
women with GDM and 1232 nondiabetic controls.37

Peroxisome proliferative activated receptor-gamma coactivator
1-alpha (PPARGC1A)

PPARGC1A is a coactivator of PPARG and PPARA and reg-
ulates genes involved in energy metabolism.68 The most-stud-
ied variants within this gene are the substitution of an amino
acid serine for a glycine at position 482 (Gly482Ser) and the
Thr394Thr variant. The functional significance of these vari-
ants has been assessed only for the Gly482Ser variant. Tran-
sient transfections of PAZ-6 cells demonstrated that the extent
of the PPAR�-mediated transactivation of the uncoupled pro-
tein-1 promoter was similar for PPARGC1 constructs contain-
ing either the Gly482 or the Ser482 allele.69 The lack of func-
tional effect of this variant might explain the lack of
consistency among association studies with T2D.70–75

The Gly482Ser variant was investigated in relation to GDM
among 100 cases and 100 control women randomly selected
from a cohort of 875 subjects, all of Caucasian origin.76 Leipold
et al.76 foundno significant difference in the allele distributions
of the two PPARGC1A polymorphisms between women with
GDMand control subjects. According to the authors, the study
has sufficient power—at 90% power—to detect an effect. Sim-
ilarly, no association was found among 649 Scandinavian
women with GDM and 1232 nondiabetic control subjects37

suggesting that polymorphisms within the PPARGC1 gene are
not likely to predispose to GDM.

�-3 adrenergic receptor (ADRB3)

The �-3 adrenergic receptor is expressed in adipose tissue
and regulates energy expenditure and lipolysis in omental fat
cells.77,78 A variant resulting in a replacement of a tryptophan
by an arginine in codon 64 has been identified in the ADRB3

gene (Trp64Arg).79,80 The functional impact of this variant has
been evaluated in several studies, but the results are inconclu-
sive. In vitro studies have demonstrated no change in the acti-
vation of adenylate cyclase or in lipolysis, but a reduction in the
amount of accumulated cAMP has been observed in some but
not all studies.81–83 This variant has been associated with ear-
lier onset of T2D in different populations, including Pima In-
dians, Finns, and Japanese.84 Moreover, in a study by Fujisawa
et al.,85 the Arg64/Arg64 genotype was moderately associated
with a higher risk of T2Dwhen data from Finns, Pima Indians,
and Japanese subjects were combined (relative risk: 2.13, 95%
CI: 1.28–3.55).
Studies of the association between GDM and this variant

withinADRB3 have yielded conflicting results. Festa et al. were
the first to report an association between theADRB3Trp64Arg
polymorphism and GDM.86 Among 179 white women re-
cruited, 70 were diagnosed as having GDM. The Trp64Arg
genotype (Trp64/Arg64 heterozygote) was more frequent in
womenwithGDMthan in thosewith normal glucose tolerance
(26% vs. 11%, P � 0.01). Moreover, the Trp64/Arg64 geno-
type was a significant predictor of GDM (OR: 5.92, 95% CI:
1.54–24.1) when the association was adjusted for age, BMI,
and gestational age. However, this positive association was not
confirmed in subsequent studies involving women of Greek,
Taiwanese, and Scandinavian origins. Indeed, Alevizaki et al.87

found a similar Arg64 allele frequency in 180 Greek women
with GDM and 131 women without this condition (0.033 vs.
0.034, P � NS). Among 649 Scandinavian women with GDM
and 1232 nondiabetic controls, the Arg64 allele was not asso-
ciated with GDM.37 The Arg64 allele frequency was also com-
parable between 309 white women with GDM and 277 women
with normal glucose tolerance.63 Similar findings were ob-
tained by Tsai et al.88 in a cohort of 299 Taiwanese women: 258
with normal glucose tolerance and 41 with GDM. Although
Arg64 carriers with GDM had higher fasting and 120-minute
postload insulin levels than did homozygotes for the wild-type
allele, the Arg64 allele frequency was similar in the control and
the GDM groups (0.145 vs. 0.098, P � 0.086).88 In addition to
differences in study populations, diagnostic criteria for GDM
differed among studies, withmore stringent criteria used in the
studies of Tsai et al.88 andAlevizaki et al.,87 which could explain
the divergent results.

Glucose transporter 1 (GLUT1)

Glucose transporters are involved in the transport of glucose
in most cells. GLUT1 (solute carrier family 2 [facilitated glu-
cose transporter], member 1) is a functional isoform of the
GLUT family. GLUT1, the first isoform cloned,89 is expressed
in high density in themembranes of human erythrocytes and is
characteristically expressed in blood-tissue barriers, the blood-
ocular barriers, and the blood-placental and blood-testis bar-
riers.90 A polymorphism at the Xba I restriction site has been
associated with T2D in some91–94 but not all95–97 studies.

Ober et al.53 investigated in three different populations
whether the Xba I polymorphism (resulting in two fragments
of 6.3 and 6.0 kb) is associated with GDM. The cohort study
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included 28 blackwomenwithGDMand 51 control women. A
sample of 24 white women with GDM and 53 glucose-tolerant
women was also studied, as well as 42 Hispanic women with
GDM and 57 control subjects. In all three populations, the
allele frequency was similar in women with GDM and control
women. Because the low number of subjects could result in
lack of power to detect a small effect, it is difficult to draw a
conclusion from this one study. However, these results suggest
little or no impact of this GLUT1 Xba I variant on the risk for
GDM.

Adiponectin (ADIPOQ)

Adiponectin is a hormone secreted by adipocytes that regu-
lates energy homeostasis and glucose and lipid metabolism.
Several studies have demonstrated the association of T2Dwith
genetic variants within ADIPOQ.98–106 In one French cohort,
several single nucleotide polymorphisms (SNPs) within ADI-
POQ were found to be moderately associated with T2D (OR
range: 1.31–2.69).105 Similarly, in a Japanese population, the
presence of the deleterious genotype found to be was associ-
ated with an increased risk of T2D (OR: 2.16, 95% CI: 1.22–
3.95).100 Interestingly, women with impaired glucose toler-
ance, at high risk for T2D, and carrying two risk alleles
within ADIPOQ, had a higher conversion rate to diabetes
than did women with none of these alleles (OR: 4.49, 95%
CI: 1.78–11.3).106

Because of its association with T2D and the fact that women
withGDMpresent hypoadiponectinemia,107–118ADIPOQ rep-
resents a promising candidate gene for GDM. To our knowl-
edge, only one study has examined the association between
ADIPOQ variants and GDM. They found that the frequency of
the T allele of the rs1501299 variant (�276G�T) was similar
between 649 Scandinavian women with GDM and 1232 non-
diabetic control subjects.37

Forkhead box C2 (FOXC2)

Human Forkhead-box (FOX) gene family consists of at least
43 members, including the Forkhead box C2 (FOXC2).119

FOXC2 regulates several aspects of adipocyte metabolism and
in animal models FOXC2 has been shown to be a major regu-
lator of glucosemetabolism, including protection against diet-
induced insulin resistance.120 However, results from associa-
tion studies between FOXC2 variants and T2D or T2D-related
traits have been inconclusive.121–125

The association between GDM and FOXC2 variants has
been examined in one study including 649 Scandinavian
women with GDM and 1232 nondiabetic controls.37 They
found that the �512C allele frequency of the FOXC2
�512C�T variant was not associated with GDM.37

Maturity-onset diabetes of the young (MODY) genes

MODY is a monogenic form of T2D and is characterized by
an autosomal dominant mode of inheritance. MODY usually
develops during the second or third decade of life and presents
defects in insulin secretion.126 Six MODY genes have been
identified: GCK (MODY2), HNF4A (MODY1), HNF1A

(MODY3), IPF1 (MODY4), HNF1B (MODY5), and NEU-
ROD1 (MODY6).127 A growing body of scientific evidence
suggests that these genes might also contribute to the develop-
ment of the more common andmultifactorial form of T2D.128

However, common variants withinMODY genes confer only a
moderate risk of T2D.128

Mutations within these genes (MODY1-MODY6) have
been investigated in relation to gestational diabetes because
women withMODY often develop gestational diabetes. In 648
Scandinavian women with gestational diabetes, the rare allele
frequency of three variants within theHNF4A gene was similar
to that of 1232 control women.129 TheGCK�30G�Awas also
investigated in relation to gestational diabetes. Allan et al.130

observed that the frequency of �30A carriers in 50 women
with gestational diabetes was similar to that in a control group
consisting of 16men and 39women (35%comparedwith 29%,
P� 0.26). The sample included individuals of Caucasian, Ori-
ental, and black origin, and could have led to biased results. In
Scandinavian women, Shaat et al.129 observed that the �30A
allele frequency was increased among 648 women with gesta-
tional diabetes compared with 1232 control women (18.1% vs.
14.8%, OR: 1.28, 95% CI: 1.06–1.53). However, in 94 Ameri-
can black women with gestational diabetes and 99 glucose-
tolerant women, the�30A allele frequency was similar (23.2%
vs. 19.2%, OR: 1.37, 95% CI: 0.77–2.46).131 Finally, two vari-
ants within the HNF1A gene were investigated in association
with gestational diabetes. The HNF1A Ala98Val polymor-
phism was not associated with gestational diabetes in a case-
control study of 376womenwith gestational diabetes and 1034
control subjects,132 whereas the Leu27 allele of the Ile27Leu
polymorphism was more common among a sample of 648
women with gestational diabetes compared with a sample of
1232 control women, but this result was of borderline signifi-
cance (36.3%vs. 33.0%,OR:1.16, 95%CI: 1.001–1.34) andwas
not statistically significant after correction for multiple com-
parisons (P � 0.17).129 Several variants within HNF1A were
compared between 119whitewomenwithGDMand 120 preg-
nant nondiabetic controls, and no associationwas observed.133

According to these results, variantswithinMODYgenes donot
confer an increased risk of gestational diabetes; however, data
are limited.

Other genes

Mannose-binding lectin (protein C) 2 (MBL2)

MBL2, a member of the collectin family of proteins, is con-
sidered an important component of the innate immune sys-
tem.134 Additionally, MBL2 influences inflammatory response
by inhibiting TNF-� release,135 and its deficiency predisposes
individuals to recurrent infections and chronic inflammatory dis-
eases.136 Two variants within theMBL2 gene are associated with
decreased plasma MBL2 levels: Arg52Cys and Gly54Asp.137–139

These polymorphisms, particularly Gly54Asp, are common in
the European population138 and have been previously linked to
micro- and macrovascular complications associated with type
1 diabetes.140 Surprisingly, given the role of MBL2 in inflam-
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matory response, we found no studies that assessed the role of
these polymorphisms in T2D.
Megia et al.141 investigated the association between MBL2

Gly54Asp and Arg52Cys and GDM in a case-control study of
105 women with GDM and 173 control women matched for
geographic origin. The Arg52Cys polymorphism was not as-
sociated with GDM; the frequency of heterozygotes for this
polymorphism was similar in patients and controls (8.6%
compared with 11.6%, P � NS). However, carriers of the
Asp54 allele of the Gly54Asp polymorphism were at in-
creased risk for GDM compared with control subjects (car-
riers of the Asp54 allele: 43.8% compared with 27.9%, OR:
2.03, 95% CI: 1.18–3.49).

Calpain 10 (CAPN10)

Calpains are processing proteases that cleave specific substrates
at a limitednumberof sites, andcauseactivationor inactivationof
protein function.142 They have been implicated in the regula-
tion of a variety of cellular functions, including intracellular
signaling, proliferation, and differentiation, and may be re-
sponsible for adipocyte differentiation143 as well as insulin-
induced down-regulation of insulin receptor substrate-1.144

Several SNPs have been identified within the CAPN10 gene.
Among them, the SNP-43 regulates calpain-10 expression.145

This SNP, as well as the SNP-19 and SNP-63 in allelic combi-
nation, have been previously associated with an increased risk
for T2D.145 This finding has been confirmed in ameta-analysis
by Weedon et al.146

In light of the potential physiological link between T2D and
GDM, two studies investigated the relationship between vari-
ants within the CAPN10 gene and GDM. Shaat et al.24 first
observed that theminor allele frequency of both SNPs (SNP-43
and SNP-44) was similar in a sample of 588 Scandinavian
women with GDM and in 1189 control subjects (SNP-43:
71.9% vs. 72.6%, OR: 0.96, 95% CI: 0.82–1.13 and SNP-44:
18% vs. 18.5%, OR: 0.97, 95% CI: 0.81–1.16). Similarly, Lei-
pold et al.147 found no difference in the allele frequencies for
SNP-43, -19, and -63 between 40 white women with GDM
living in Vienna and 40 control subjects randomly selected
from an 875 subject cohort. However, there was a higher fre-
quency of women homozygous for allele 1 of SNP-63 among
gestational diabetics compared with controls (59% vs. 41%,
P � 0.02). Furthermore, haplotype analyses revealed that all
women with the haplotype combination 121/221 (n � 8) had
GDM, suggesting a moderate impact of these variants on the
risk of GDM. Considering the association of T2D with
CAPN10 variants, and the common etiologic pathways be-
tween T2D and GDM, further studies involving large cohorts
are needed to understand the role of CAPN10 variants in
GDM.

Plasminogen activator inhibitor type 1 (PAI-1)

PAI-1 (or serpin peptidase inhibitor, clade E, member 1)
regulates the antifibrinolytic activity of the plasma.148 Other
functions of PAI-1 described in the literature include tumori-
genesis, angiogenesis, wound healing, ovulation, and embryo-

genesis, although its exact role remains unclear.149 Adipose tis-
sue produces large amounts of PAI-1, which suggests a possible
role of PAI-1 in the control of body fat mass.149 Moreover,
elevated plasma PAI-1 levels have been associatedwith obesity,
insulin resistance, and T2D.150,151 Polymorphisms have been
described that influence PAI-1 gene expression, and therefore
PAI-1 activity. Among these, the lowest PAI-1 activity has been
observed among 5G/5G homozygotes for the �675 4G/5G
variant.152 This variant has been associated with decreased risk
of obesity and cardiovascular disease.152–154

Leipold et al.155 examined whether this polymorphism is
associated with GDM in a cohort of 40 white women with and
40 without GDM. They found that the genotype distribution
was significantly different between women with GDM and
normal glucose-tolerant women. The 5G/5G genotype was
much less common among women with GDM than in control
subjects (5% vs. 25%, P � 0.01). Furthermore, in a multiple
logistic regression analysis, the PAI-1 genotype was a signifi-
cant predictor of GDM, independent of maternal age and BMI
(OR: 0.16, 95% CI: 0.03–0.87). Although this study was per-
formed on a small sample, these results are the first to suggest a
possible association between the PAI-1�675 4G/5G polymor-
phism and GDM.

DISCUSSION

This review has focused on genes investigated in association
with GDM, and highlights the growing body of scientific evi-
dence suggesting the role of genetic factors in the pathogenesis
of GDM. Also, importantly, it has identified the need for fur-
ther studies in this field. To date, most of the genetic associa-
tion studies of GDM have been performed in white popula-
tions and few have reported associations in high-risk
populations such as American Indians and Mexican Ameri-
cans. Although several genes (GLUT1, TCF7L2, PPARGC1,
and PPARG) have produced similar findings when studied in
different populations, most genes have been investigated only
in a single study or a single population, accentuating the need
for additional studies. Disparities among findings have also
been observed. For instance, associations between GDM and
IGF2, INS, IRS1, ADRB3, and INSR have led to different find-
ings across populations. Several factorsmay account for incon-
sistent findings among studies. These factors include differ-
ences in genetic background, differences in environment and
lifestyle factors between populations, differences in the selec-
tion criteria for subjects in each study, and the use of samples
too small to permit detection of small differences between
cases and controls.
According to this review, there is no evidence to support an

association between GDM and polymorphisms in several
genes (GLUT1, FOXC2, IRS1, PPARGC1, and UCP2 genes)
although their functions suggest a physiological influence on
this condition. However, wemust interpret these findings with
caution considering that few studies have been performed,
some including small numbers of subjects or testing only a
small number of variants. For example, investigators failed to
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observe an association of PPARG with GDM.46 However,
PPARG may still be a candidate gene for GDM because of its
well-demonstrated associationwith T2D and its role in glucose
and lipid metabolism.67

Most genetic variants associated with GDM and reviewed in
the present report have also been involved in the development
of T2D. These represent the most interesting genetic markers
for identifying women with a history of GDM who are at risk
for subsequent development of T2D. At present, based on the
literature review and on previous association with T2D, as well
as on their physiological role in the pathogenesis of diabetes,
variants within CAPN10, MBL2, KCNJ11, ABCC8, ND1,
TCF7L2, ADIPOQ, and PAI-1 genes are considered the most
promising markers. However, it is important to take into ac-
count that these results are based on few studies with small
sample size. Replication of these findings will be needed in
different populations.
This review highlighted the fact that the study of the genetics

of GDM is in its early stage. Findings from these studies com-
bined with evidence of a common physiopathology between
GDM and T2D support the idea that it is unlikely that GDM
has a unique genetic predisposition but rather is a manifesta-
tion of multiple susceptibility variants for T2D. Identification
of genetic variants linked to GDM will contribute to our un-
derstanding of the physiopathology of GDM and to the devel-
opment of prevention strategies. Moreover, the recognition of
individuals with a genetic predispositionmay improve preven-
tion of T2D through targeted intervention. To achieve such
goals, further studies are needed to more fully understand the
genetic components of GDM that lead to an increased risk of
T2D. The success of whole genome association studies in identi-
fying susceptibility genes for T2D should benefit the study of ge-
netics of GDM. This success will be achieved if large case-control
samples are recruited through collaborative studies and if the
study of different populations particularly those at high risk for
T2D such asMexicanAmericans and the careful selectionof cases
based on similar diagnosis criteria are considered.
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