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ABSTRACT

Gestational diabetes mellitus (GDM), a type of pregnancy-spe-
cific glucose intolerance or hyperglycemia, is one of the most
common metabolic disorders in pregnant women with 16.9%
of the global prevalence of gestational hyperglycemia. Not only
are women with GDM likely to develop T2DM, but their children
are also at risk for birth complications or metabolic disease in
adulthood. Therefore, identifying the potential risk factors for
GDM is very important in the prevention and treatment of
GDM. Previous studies have shown that genetic predisposition
is an essential component in the occurrence of GDM. In this
narrative review, we describe the role of polymorphisms in dif-
ferent functional genes associated with increased risk for GDM,
and available evidence on genetic factors in the risk of GDM is
summarized and discussed.

Introduction

Gestational diabetes mellitus (GDM), a type of pregnancy-specific
glucose intolerance or hyperglycemia, is one of the most common
metabolic disorders in pregnant women [1]. GDM has emerged as
an urgent public health concern, with more than a30 % increase in
prevalence over the past few decades [2]. According to the Inter-
national Diabetes Federation, the global prevalence of gestational
hyperglycemiais 16.9 %, including all cases of diabetes in pregnan-
cy (i.e., known and previously undiagnosed diabetes) and gesta-
tional diabetes [3]. Epidemiologic studies have identified several
GDM risk factors such as advanced maternal age, ethnicity, a pre-
vious history of gestational diabetes, and a family history of type 2

diabetes mellitus (T2DM) [4]. Offspring of mothers with GDM have
an increased risk of birth complications associated with increased
birth weight and adiposity - including shoulder dystocia, neonatal
hypoglycemia, and obesity - as well as developing metabolic syn-
drome, T2DM, and cardiovascular disease in adult life. Furthermore,
in a 5-10-year perspective, it was estimated that approximately
50 % of the women diagnosed with GDM will develop T2DM [5].
Thus, itis of paramount clinical value to identify potential risk fac-
tors for GDM, and to provide evidence for early-prevention meas-
ures [2].

The occurrence of GDM is associated with a variety of cellular
and functional disorders, of which both B-cell impairment and tis-
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sue insulin resistance represent critical components of the patho-
physiology of GDM [6]. The pancreatic B-cells perform the func-
tions of storing and secreting insulin in response to glucose load
[7]. Deficiencies in B-cell machinery may appear during pregnancy,
as these cells may not sense glucose concentration in the circula-
tion effectively or generate enough insulin to maintain glucose ho-
meostasis [7]. In addition, with the progression of pregnancy, the
ability of insulin to bind to insulin receptors on the cell surfaces of
peripheral tissues, such as skeletal muscles, diminishes [4], leading
to insulin resistance. In general, pregnant women are physiologi-
cally hyperglycemic [7], and a hyperglycemic environment is asso-
ciated with oxidative stress [6]. Oxidative stress can reduce glucose
transporter type 4 (GLUT4) expressions by impairing nuclear pro-
tein transfer to the insulin-responsive element in the GLUT4 pro-
moter to affect glucose transport efficiency [7]. The cell-signaling
proteins that are secreted by adipose tissues are primarily adi-
ponectin and leptin, which can then be used as control regulators
of neurohormone metabolism to requlate appetite, active energy
expenditure, and basal metabolic rate [6]. Dysfunction in this hor-
mone-regulatory network can lead to adiposity and influence glu-
cose utilization, thereby aggravating insulin resistance [6]. In sum-
mary, decreased insulin secretion caused by B-cell injury and dys-
function, peripheral insulin resistance, oxidative stress, and an
imbalance in the neural hormone metabolic network collectively
contribute to the occurrence of GDM.

Although multiple risk factors for GDM have been identified, the
mechanism of action underlying these risk factors remains arcane.
However, an increasing number of reports indicate that GDM car-
ries a strong genetic susceptibility [2]. We searched the PubMed,
Embase and Web of Science databases for association studies iden-
tifying the susceptibility gene of GDM. The key words were: “Ges-
tational diabetes mellitus or GDM or gestational diabetes” and
“gene polymorphism or single-nucleotide polymorphism or genet-
ic variants”. We found that in recent years, several genome-wide
association studies (GWAS) and case-control studies have shown
that gene polymorphism is significantly associated with suscepti-
bility to GDM. Therefore, we objectively, accurately, and compre-
hensively summarized herein the relationship between gene sin-
gle-nucleotide polymorphisms (SNPs) and GDM - including B-cell
function, insulin secretion, insulin resistance, glucose metabolism,
and oxidative stress.

GWAS and GDM

Several events have laid the foundation for GWAS, such as the com-
pletion of the human genome sequence, the storage of millions of
SNPs in the public database, the rapid improvement of SNP genotyp-
ing technology, and the launch of the International HapMap Project
[8]. GWAS can explore the roles of the most common genetic variants
in disease and determine the heritable quantitative traits that are risk
factors for disease [8]. A GWAS, involving 4437 pregnant women of
European, Thai, Afro-Caribbean, and Hispanic heritage, showed that
SNPs of glucose kinase regulator (GCKR) (rs1260326, rs780094), glu-
cose-6-phosphatase 2 (G6PC2) (rs1402837, rs560887), proprotein
convertase subtilisin/kexin type 1 (PCSK1) (rs13179048, rs17085593,
rs6235), protein phosphatase 1 regulatory subunit 3B (PPP1R3B)
(rs4841132), and melatonin receptor 1B (MTNR1B) (rs1387153,

rs7936247,rs10830963) were correlated with fasting plasma glucose
levels in pregnant women [9]. Of these, PCSK1 is involved in the pro-
teolytic activation of a variety of precursor proteins — including proin-
sulin, proglucagon-like peptide 1, and pro-opiomelanocortin [9]. Elev-
en SNPs related to GDM were identified in 8722 women from the Unit-
ed States and Denmark, among which eight were identified as
rs7957197 (HNF1A), rs10814916 (GLIS3), rs3802177 (SLC30A8),
rs9379084 (RREB1), rs34872471 (TCF7L2), rs7903146 (TCF7L2),
rs11787792 (GPSM1), and rs7041847 (GLIS3). In addition, consistent
with the results of previous studies, rs10830963 (MTNR1B), rs1387153
(MTNR1B), and rs4506565 (TCF7L2) were also associated with in-
creased risk for GDM [10]. Most of the 11 identified SNPs were associ-
ated with pancreatic function, such as rs7957197, located in the in-
tron region of HNF1A (which encodes a transcription factor needed
to express GLUT1 and GLUT2 in pancreatic cells), and rs3802177, lo-
catedin theintron region of SLC30A8 (which encodes a zinc transport-
erthatis expressed only in secretory vesicles of B-cells and participates
in the final stage of insulin biosynthesis and secretion) [10]. However,
SLC30A8 overexpression in pancreatic -cells was shown to increase
the insulin secretion stimulated by glucose. GLIS3, a member of the
GLI-similar zinc-finger protein family (with 5 C2H2-type zinc-finger
domains) is highly expressed in pancreatic B-cells, and its variations
relate to neonatal diabetes [10].

Kwak et al. [11] conducted two stages of GWAS in Korean
women. In the first stage, 2.19 million genotyping or estimation
markers were used to compare 468 women with GDM and 1242
women without GDM as controls [11]. According to the preset
threshold of p <2.0x 1075, a total of nine SNP cues were associat-
ed with GDM, among which CDKAL1 (rs7754840) and MTNR1B
(rs10830962) exhibited the strongest correlation with risk for GDM.
In the second stage with 931 cases of GDM, the investigators chose
11 loci in 783 cases of the control group for further genotyping
[11]. Inthe combined study of the two phases, they found, by using
the gene loci from the second stage, that the first stage cues still
showed a significant correlation between samples - with novel sig-
nificantly related genetic loci, that is, IGF2BP2 (rs1470579) and in-
sulin-degrading enzyme (IDE, rs10882066) [11]. A study of 218
Han Chinese women also identified 23 SNPs associated with GDM
[12]. The SNPs manifested a dispersed distribution on 14 chromo-
somes, with only a few SNPs located on a specific chromosome.
Most of these SNPs were not localized to specific genes, with only
six SNPs located in the SYNPR, PTGIS, CDH18, and CTIF genes [12],
these genes are involved in sugar metabolism-related pathways as
revealed by enrichment of GO and KEGG pathway analyses. As an
inherent component of synaptic vesicles, SYNPR plays a potential
role in the synthesis and transport of neurotransmitters, and thus,
may influence the signal-transduction process of glucose metab-
olism [12]. PTGIS, a member of the cytochrome P450 superfamily,
is involved in prostaglandin 12 synthase (or prostacyclin synthase)
and is closely tied to glucose and insulin levels in human endothe-
lial cells[12]. CDH18 is one of the important cadherin genes locat-
edin the region of chromosome 5, encodes type Il classical cadher-
in, mediates calcium-dependent cell adhesion process, and may be
involved in insulin-signal transduction through the wingless-type
MMTYV integration side family (Wnt)-signaling pathway [12].

Researchers using GWAS have identified several genes and loci
associated with the occurrence and development of GDM in differ-
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ent geographic regions and ethnic groups and demonstrated that
these genes were different for various ethnic groups. They also
found, in their studies of genes and the underlying pathways in-
volved, that the functions of these candidate genes primarily fo-
cused on glucose metabolism, insulin synthesis and secretion, and
insulin-signal transduction.

Genes Associated with Risk for GDM

Genes involved in B-cell function and insulin
secretion

The gene encoding cyclin-dependent kinase 5 regulatory subunit
associated protein 1-like 1 (CDKAL1), is located in the 6p22.3 chro-
mosomal region in humans [13]. CDKAL1 negatively requlates cy-
clin-dependent kinase 5 (CDKS5) to affect insulin expression in pan-
creatic B-cells, inhibit insulin secretion, and transmit glucose-tox-
icity signals [14]. Additionally, CDKAL1 has been shown to be a
methylthiotransferase that modifies the tRNA coding for lysine to
enhance translation fidelity of transcripts, including those encod-
ing proinsulin [15]. Researchers using a meta-analysis of five stud-
ies from Denmark, Korean, China, Malaysia and India — and involv-
ing a population of more than 7000 individuals - found that poly-
morphismsin CDKAL1 rs7754840 and rs7756992 were associated
with an increased risk for GDM in Asian and Caucasian populations
[14]. A nested case-control study of 321 participants with GDM and
316 controls in a Han Chinese population showed that the G alleles
of the CDKAL1 gene (i.e., rs4712527,rs7748720, rs9350276, and
rs6938256) were all associated with a reduced risk of GDM; how-
ever, the risk alleles A, G, and G of rs9295478, rs6935599, and
rs7747752 were all associated with anincreased risk for GDM [16].
The cyclin-dependent kinase inhibitor 2A/2B (CDKN2A/2B) gene
encodes 2 kinase inhibitors, p16'Nk42 and p15/Nk4b, that inhibit cy-
clin-dependent kinases 4 (CDK4) and 6 (CDK6), which, in turn, reg-
ulate pancreatic B-cell function [17]. Overexpression of these two
genes may reduce the proliferation of pancreatic B-islet cells, and
CDKN2A/2B have been identified as T2DM candidate genes by
GWAS [18]. Guo and co-works conducted a meta-analysis of 5996
women from Denmark, Korea, Spain, the U.S., and Poland, and
found that individuals with the CDKN2A/2B rs10811661 T allele
had a moderate tendency to develop GDM in general and showed
a particular association in Asian and Caucasian populations [14].
Other contemporaneous workers uncovered an association be-
tween the rs7020996 risk allele T and reduced insulin sensitivity
and increased insulin disposition in Han Chinese women [15].
Glucokinase (GCK), encoded by the GCK gene on chromosome
7p13, belongs to the hexokinase family of proteins, and is a key requ-
latory enzyme in B-cells of the pancreas that catalyze glucose phos-
phorylation and regulate the release of insulin [19, 20]. Case-control
studies have shown that GCK rs4607517 and rs1799884 polymor-
phisms played a role in the risk for GDM in the Chinese population, and
meta-analyses have also shown that rs1799884 polymorphisms were
associated with GDM in Caucasian and Asian populations [21]. In ad-
dition, the activity of GCK is regulated by the glucokinase regulatory
protein (GCKRP), which is encoded by the glucokinase regulatory
(GCKR) gene located on chromosome 2p23.3 and is involved in the
synthesis of glycogen and triglycerides [14,22,23]. A meta-analysis

found that the GCKR rs780094 polymorphism was a risk factor for
GDM in Caucasian populations [14], and the rs780094 C allele was
shown to significantly increase the risk of developing GDMin the Cau-
casian population of Brazil and Asian population of Malaysia [19, 24].

The potassium voltage-gated channel, KQT-like subfamily mem-
ber1 (KCNQ1) gene located on chromosome 11p15 encodes the
pore-forming alpha-subunit of the voltage-gated K*channel
(KvLQTT1) [20]. Insulin release from B-cells of the pancreas is con-
trolled by an intricate interaction between ATP-sensitive potassi-
um (KATP) channels, voltage-dependent potassium (Kv) channels,
and voltage-dependent calcium channels. KCNQ1 expressed in the
B-cells may therefore control insulin secretion by altering mem-
brane potential and ion-channel function of pancreatic cells, thus
affecting insulin production [25-27]. Two studies were conducted
in Korea, involving a total of 1799 participants with GDM, which
showed that the C alleles of KCNQ1 rs2237892 and rs2237895 or
rs2074196 were associated with an increased risk of GDM [26, 28].
A meta-analysis involving Korean and Chinese populations also
showed that rs2237892 with the C allele increased the risk of GDM
[29], while another study showed that the polymorphism of KCNQ1
rs2237895 was associated with increased GDM risk in Pakistan [27].

Melatonin receptor 1B (MTNR1B) is located on human chromo-
some 11q14.3 and encodes MT2, one of the 2 high-affinity forms
of the melatonin receptor [30,31]. MTNR1Bis principally expressed
in the retina, brain, and pancreatic cells; and is involved in the reg-
ulation of insulin release, circadian rhythms, and blood glucose ho-
meostasis by modifying the melatonin-signaling pathway [32]. A
recent meta-analysis that included the MTNR1B rs1387153,
rs4753426, and rs10830963 loci in a case-control study with 23
participants of Caucasians origin and individuals in Asia and Mexi-
co, findings indicated that the rs1387153, rs4753426, and
rs10830963 polymorphisms were associated with a widely region-
al susceptibility to GDM [33]. Furthermore, it was also shown that
rs10830963 G allele polymorphism was significantly associated
with GDM in Saudi, Hungarian, and Austrian women [31, 34].

The transcription factor 7-like 2 (TCF7L2) gene is located on
chromosome 10q25, and the encoded TCF7L2 belongs to the high
mobility group-box family as a transcription factor. This factor par-
ticipates in the Wnt-signaling pathway, which can stimulate the
proliferation of the B-cells of the pancreas and participate in the
secretion of insulin by stimulating the production of glucagon-like
peptide 1 (GLP-1) [35-38]. A meta-analysis by Chang et al. includ-
ed 22 studies involving 8 SNPs of the TCF7L2 gene, of which
rs12255372 and rs7901695 were significantly correlated with
GDM; rs290487,rs11196205, and rs11196218 were only studied
in a Han Chinese population, and rs290487 was significantly cor-
related with the risk of GDM, but not rs11196205. Subgroup anal-
ysis showed that rs12255372 was not correlated with GDM in the
Asian population and rs7901695 was significantly correlated in all
populations [35]. Moreover, rs7901695 polymorphism was inde-
pendent of the risk for GDM in Poles and Brazilians [38, 39]. Anoth-
er meta-analysis showed that rs7903146 was strongly associated
with the risk for GDM in Asian and Caucasian populations [40], but
that rs7903146 polymorphism was not associated with GDM in ei-
ther Germany or Poland [36, 39]. Studies have also shown that the
rs4506565 allele increased the risk of GDM in women in the Unit-
ed States and Denmark [10]. Rs290487, rs6585194, and rs7094463
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were associated with insulin resistance and insulin secretion in Chi-
nese participants with GDM [41].

The vitamin D receptor (VDR) gene is localized on chromosome
12q13.11, and the encoded VDR, a member of the steroid/thyroid
hormone receptor family that functions as a transcriptional activa-
tor of numerous genes, is essential for vitamin D activity in target
tissues [42,43]. Vitamin D exerts its effect via regulation of extra-
cellular calcium levels in the B-cells, thereby promoting insulin se-
cretion [44]. Zhu et al. investigated the relationships among vita-
min D concentration, VDR gene polymorphism, and GDM risk in
Chinese women; they found that vitamin D concentrations in
women were not significantly associated with the risk of GDM.
However, women with the rs1544410 CT or rs731236 GA geno-
type exhibited a higher risk of developing GDM [45]. Contempora-
neously, several studies showed that the genotypic frequencies for
VDR rs19735810 TT and CT were significantly elevated in Turkish
women with GDM [42]; that the rs7975232 CCand rs731236 TT
genotypes increased the risk of GDM in Iranian women [44]; and
that the rs739837 polymorphism was associated with fasting glu-
cose concentration in Chinese women [43]. In contrast, other stud-
ies have shown that rs10735810 was not associated with GDM in
Brazilian women [46].

Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2)
belongs to the insulin-like growth factor 2 (IGF2) mRNA-binding
protein family and is encoded by the IGF2BP2 gene located on chro-
mosome 3q27.2 [47].1GF2BP2 is highly expressed in pancreatic is-
lets and plays an important role in embryonic growth and devel-
opment, as well asin insulin secretion and in the regulation of pan-
creatic B-cell function [48]. Previous studies have shown that the
IGF1BP2 rs4402960 polymorphism is significantly associated with
GDM in Korean and Chinese women [49, 50]. However, in contra-
distinction, recent case-control studies and meta-analyses shown
that rs4402960 polymorphism was not associated with GDM risk
in either Asian or Caucasian women [51]. Due to these author’ small
sample size and limited study populations, their conclusion needs
to be supported by additional research results.

The primary roles of the gene-encoding proteins reviewed
above are in requlating islet cell proliferation and insulin secretion.
Studies have shown that polymorphisms of these genes were sig-
nificantly correlated with the occurrence of GDM, and that this cor-
relation has been verified in several geographic regions. However,
the studies have only focused on the polymorphisms of a few ge-
netic loci, and whether GDM is related to the polymorphisms of ad-
ditional gene loci requires further examination.

Genes involved in glucose metabolism and insulin
resistance

Adiponectin (ADIPOQ) genes located on chromosome 3q27.3 are
mainly expressed in adipose tissue and encode proteins that are
major components of adiponectin [52], which is considered anin-
sulin-sensitizing adipokine with anti-inflammatory effects. Adi-
ponectin is involved in reducing insulin resistance by promoting
the receptor/post-receptor insulin signaling and reducing gluco-
neogenesis [53]. In the meta-analyses of ADIPOQ (rs2241766,
rs1501299, and rs266729) polymorphisms, the researchers found
that rs2241766 was significantly associated with GDM in Asian
women, but that rs1501299 and rs266729 polymorphisms were

not associated with GDM in the enrolled population [54]. Another
meta-analysis showed that rs266729 increased the risk of GDM in
Asian and European populations but reduced the risk of GDM in the
U.S. population [55].

The calpain-10 (CAPN10) gene, which is located within the
non-insulin dependent diabetes mellitus 1 (NIDDM1) region on
chromosome 2q37.3, is one of the earliest genes discovered to be
associated with T2DM [56]. The CAPN10 gene encodes for a
CaZ*-requiring non-lysosomal cysteine protease, calpain-10, that
is expressed in the pancreas, skeletal muscle, and adipocytes. Stud-
ies have suggested that calpain-10 plays a role in glucose trans-
porter 4 translocation to the cell membrane, regulation of pancre-
atic glucose-induced insulin secretion, and pancreatic B-cell apop-
tosis [57]. Expression of CAPN10 has been shown to be associated
with T2DM, and it is closely correlated with blood glucose and in-
sulin secretion [58]. Researchers in Mexico found that the geno-
typic frequencies of rs3792267, rs2975760, rs5030952, and indel-
19 showed no significant differences between women with GDM
and normal controls, although the glucose levels in women with an
indel-19 polymorphism in the 3R/3R genotype were significantly
elevated relative to women with the 3R/2R genotype [57]. Two
studies entailing meta-analyses on the relationship between
CAPN10rs3842570, rs3792267, rs2975760, and rs5030952 pol-
ymorphisms and GDM in Asian and Caucasian populations showed
that only the rs3842570 and rs3792267 polymorphisms were as-
sociated with GDM in Asian populations [40, 56]. However, in the
study of Han Chinese women by Zhang et al., the polymorphisms
0f rs2975760 and rs3792267 were not significantly correlated with
the occurrence of GDM, and only slightly correlated with condition
severity [58].

The hexokinase domain containing 1 (HKDC1) gene is located
near the hexokinase 1 (HK1) gene on chromosome 10q22.1 and is
widely expressed in liver and B-islet cells [59]. The encoded HKDC1
protein possesses both a glucose-binding domain and an ATP-bind-
ing site in its COOH-terminal region, indicating its hexokinase ac-
tivity and its principal role in mediating glucose metabolism [9, 60].
Kanthimathi et al. analyzed the HKDC1 polymorphisms
rs10762264, rs4746822,1s2394529, and rs9645501 in 500 women
with GDMin India, and found that the AA genotype of rs10762264,
TT genotype of rs4746822, and CC genotype of rs2394529 all in-
creased the risk for GDM by over 1.6-fold [59]. Another research
group also found that the rs4746822 polymorphism was signifi-
cantly correlated with 2-hour plasma glucose in Han Chinese
women [61].

The macrophage migration inhibitory factor (MIF) gene is posi-
tioned at 22q11.23 [62]. Although MIF molecules are not consid-
ered to belong to the cytokine family [63], most participate in the
critical requlatory functions of macrophage and lymphocyte acti-
vation ininnate and adaptive immune responses, and the MIF gene
has been identified to be a novel candidate gene for T2DM [64].
When MIF levels are attenuated, glucose pathways are improved
due to reduced peripheral insulin resistance and the requlatory ef-
fects of glucocorticoids [62, 65]. Further, Yilmaz et al. found that
serum insulin levels and MIF concentrations in Caucasian women
with GDM in Turkey were significantly higher than in healthy con-
trol women, suggesting that MIF may play a role in the develop-
ment of GDM [65]. Studies have shown that fasting blood glucose
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and insulin levels and insulin resistance in pregnant women with
the GG genotype MIF rs1007888 were significantly higher thanin
pregnant women with other genotypes [63]. The number of
rs755622 C allele carriers in GDM women was also significantly
higher than in the normal control group, suggesting that this allele
may be arisk factor for GDM [64] Aslani et al. also found a high fre-
quency of the rs1007888 GG genotype and a significant associa-
tion with preconception obesity in Indian women with GDM [62].

The insulin receptor substrate-1 (IRS-1) gene, located on chro-
mosome 2q36.3, is a member of the IRS protein substrate family
[66], is a substrate of the insulin receptor tyrosine kinase and a par-
ticipantininsulin signaling and is involved in insulin resistance [67].
The G972R (rs1801278) polymorphism of IRS-1 that is located be-
tween the two possible tyrosine-phosphorylation sites for PI-3 ki-
nase p85 subunit binding has also previously been shown to be as-
sociated with T2DM [66]. The aforementioned meta-analyses in-
cluded 5 studies in Asian and Caucasian populations that showed
a significantly increased risk for GDM due to the presence of the
IRS1rs1801278 T allele [67, 68].

The beta-adrenergic receptors (ADRBs) consist of the 1 adren-
ergic receptor (ADRB1), B2 adrenergic receptor (ADRB2), and 3
adrenergic receptor (B3-AR, ADRB3) [69]. The ADRB3 gene is lo-
cated on human chromosome 8p11.23, encoding ADRB3, which is
primarily expressed in the adipose tissue. It is a member of the
G protein-coupled receptor superfamily that mediates heat gener-
ation and fat decomposition stimulated by catecholamines and oc-
cupies a significant position in the activation of energy storage and
utilization of lipid decomposition and internal environmental sta-
bility of glucose [69-72]. Therefore, the gene expression defect
caused by an ADRB3 mutation is the initial factor in insulin resist-
ance [70]. Guan et al., in a meta-analysis of five studies that includ-
ed 1239 participants with GDM from four Caucasian and one Asian
region, demonstrated that the Trp64Arg (rs4994) polymorphism
in ADRB3 was associated with GDM susceptibility in Caucasian pop-
ulationsin Europe [73]. Another study found that the rs201607471
CT genotype was significantly correlated with an increased risk for
GDM in a Han Chinese population [70].

The alfa2-Heremans-Schmid glycoprotein (AHSG) gene is lo-
cated on chromosome 3q27.3, and encodes fetuin-A, a serum gly-
coprotein expressed in the liver [74, 75]. Studies have shown that
fetuin-Ainduces insulin resistance by inhibiting insulin receptor ty-
rosine kinase activity and signal transduction in muscle and liver
tissue and that it is also associated with the accumulation of fatin
liver cells, which is a risk factor for diabetes [75, 76]. A study of an
American population showed that serum fetuin-A concentrations
were significantly higher in participants with gestational diabetes
relative to normal controls, and that the allelic frequency of AHSG
rs4918 G was also associated with GDM risk [76]. Another group
explored the correlation between rs2248690 and rs4918 polymor-
phisms and GDM in 83 women with GDM in Turkey, and their re-
sults showed that the genotypic distribution of rs2248690 was not
different between GDM peoples and the control group; but that
the GG genotype of rs4918 might exert protective effect against
the occurrence of GDM [75].

Interleukin-10 (IL-10) is an important anti-inflammatory cy-
tokine produced by activated T cells, monocytes, and B cells, and
its coding gene is located on chromosome 1q32.1 [77]. The gene

composition of the IL10 promoter appears to then determine the
secretion levels of IL-10 [78]. Several studies have suggested that
an imbalance in the production of anti-inflammatory and pro-in-
flammatory cytokines during pregnancy may lead to reduced lev-
els ofinflammation and insulin resistance [79]. In a study from Tai-
wan, thatincluded 72 women with GDM and 100 healthy controls,
investigators analyzed the relationships between the IL-10 gene
polymorphism rs1800896, rs1800871, rs1800872, and rs3021094
and GDM susceptibility [77]. Their results showed increased insu-
lin resistance in individuals with allele A of rs3021094, and that
IL-10 levels in the AA genotype carriers were significantly higher
than in the CC genotype carriers [77]. Another study, in a Polish
population, showed higher weights and augmented BMI during
pregnancy in women with the rs1800872AA genotype [79].

These results suggest that glucose metabolism- and insulin re-
sistance-related gene polymorphisms are associated with the inci-
dence of GDM. The correlations, however, varied with respect to
different geographic regions and populations, and the susceptibil-
ity-gene loci were not exactly identical. Therefore, it is necessary
to expand the study populations to confirm the role(s) of these
genes in the development of GDM.

Genes involved in oxidative stress and other
pathways

The angiotensin I-converting enzyme (ACE) gene is located on
17q23.3. ACE converts angiotensin | to angiotensin Il and is an im-
portant component in the renin-angiotensin system (RAS), which
may be associated with insulin resistance and the occurrence of
T2DM [80]. The ACE gene has aninsertion/deletion (/D) polymor-
phism that is due to the presence or deletion of a 287-bp fragment
within intron 16, and the D allele was found to be associated with
an increased risk for microvascular and macrovascular complica-
tionsin T2DM [81]. Aggarwal et al. found that ACE A240T, C1237T,
G2350A, and I/D were significantly correlated with GDM partici-
pants in India and that individuals with the haplotype TTAI with
these polymorphisms had a 185-fold increased risk of developing
GDM compared with normal controls. Khan et al. also found that
the I/D polymorphism of the ACE gene’s Alu sequence was associ-
ated with the risk of GDM in Indian women [82, 83]. However, in
the latest published study, the researchers did not find statistically
significant differences in the gene frequency of G298A and I/D pol-
ymorphisms between Indian women with GDM and women with-
out GDM [80]. Intriguingly, this correlation between ACE polymor-
phisms and GDM has not been reported in any population outside
of India.

The human paraoxonase 1 (PON1) protein is coded by the PON1
gene located on the long arm of chromosome 7 (7q21.3), and most
common polymorphisms are localized to the coding region: a leu-
cine (L) to methionine (M) substitution at position 55 (L55M,
rs854560), and a glutamine (Q) to arginine (R) substitution at po-
sition 192 (Q192R, rs662) [84]. PON1 is a serum/plasma high-den-
sity lipoprotein-binding enzyme primarily expressed in the liver
that protects HDL, low-density lipoprotein (LDL), endothelial cells,
and intimal macrophages from oxidative damage by catalyzing the
hydrolysis of organic phosphates and lipid peroxides [85-87]. Li-
poprotein oxidation is the key to the development of diabetic mac-
rovascular (atherosclerosis) and microvascular disease, and the tox-
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» Table 1 Genetic polymorphisms associated with the risk of gestational diabetes mellitus in different regions.
No. Gene SNP Populations Author [Ref]
1 GCKR rs780094 Brazilian Anghebem-Oliveira [19]
Malaysian Jamalpour [24]
2 KCNQ1 rs2237892 Chinese Ao [29]
Korean Kwak [11]
rs2237895 Pakistani Fatima [27]
Korean Kwak [26]
3 MTNR1B rs10830963 Saudi Alharbi [34]
Polish Tarnowski [48]
4 TCF7L2 rs7903146 Mexican Reyes-Lopez [97]
Greek Pappa [89]
5 VDR rs731236 Iranian Rahmannezhad [44]
Chinese Zhu [45]
6 IGF2BP2 rs4402960 Korean Chon [49]
Chinese Wang [50]
7 ADIPOQ rs2241766 Chinese Feng [52]
Iranian Takhshid [98]
8 MIF rs1007888 Iranian Aslani [62]
Chinese Zhan [63]
9 IRS1 rs1801278 Italian Fallucca [71]
Saudi Alharbi [66]
10 AHSG rs4918 Turkish Akbaba [91]
Americans Tariq [76]
11 PON1 rs662 Saudi Al-Hakeem [85]
Greek Pappa [89]

SNP: Single-nucleotide polymorphism.
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icity of oxidized lipoprotein to retinal capillary endothelial cells and
perivascular cells is significant [87]. Zhou et al. found that lactonase
activity and PON1 levels were both increased in female Chinese
participants with GDM, and that women with the PONT Q192RRR
genotype exhibited lower PON1 lactonase activities and normal-
ized lactonase activity relative to other genotypes [88]. The PON1
Q192R gene polymorphism has been shown to be associated with
GDM in Turkish, Greek, and Saudi women; the RR genotypes and R
alleles were significantly associated with increased GDM risk in
Greek women, while the L55M MM polymorphism was only asso-
ciated with GDM risk in Turkish women [85, 86, 89].

The selenoprotein P (SEPP1) gene is located on chromosome
5p12, and the protein contains a selenocysteine residue [90]. It is
primarily synthesized by the liver, and acts as an antioxidant to at-
tenuate oxidative stress, transport aelenium, and downregulate
the insulin-signaling pathway via AMP-activated protein kinase
(AMPK) inactivation in vivo [90,91]. In a case-control study, the
Turkish women with the SEPP1 rs13154178 AA genotype manifest-
ed significantly higher fasting blood glucose levels than women
with other genotypes [91].

In addition, studies have shown that the leucine-rich repeat and
Ig domain containing 2 (LINGO2) rs824248 AT and TT genotypes
located on chromosome 9p21 can significantly increase the risk for
GDM [92]. The protein encoded by the SOS Ras/Rac guanine nucle-
otide exchange factor 1 (SOS1) gene localized to 2p22 is a guanine
nucleotide-exchange factor of RAS proteins [93]. Data from Taiyu-
an, China showed that women with the rs7598922 GA/AA geno-
type and rs3099968 AG and rs1010859 GG genotypes exhibited a
lower risk of developing GDM compared to women with other gen-
otypes [94]. The vascular endothelial growth factor (VEGF) gene
located on chromosome 6p21 encodes VEGF (an endothelial
cell-specific mitogen), which is the most critical angiogenic growth
factorinvolved inincreasing vascular permeability [92,95]. Dong's
study confirmed that the VEGF genotypes rs2146323 CC and
rs3025039 CC significantly reduced the risk of GDM in Chinese
women [96].

This section summarized the relationship between GDM and
gene polymorphisms with respect to oxidative stress-related en-
dothelial injury and other related functions. However, the studies
only entailed a limited number of geographic areas and population
groups, and therefore the specific underlying mechanism(s) and
correlations between genetic polymorphisms and GDM need to be
confirmed by additional in-depth analyses.

Conclusion

GDM is one of the most common complications in pregnancy and
can exert short- and long-term impacts on pregnant women and
fetuses. There are many risk factors associated with the occurrence
of GDM, of which genetic susceptibility is critically important. There
are several GDM risk genes (GCKR, KCNQ1, MTNR1B, etc.) with the
functions of glucose metabolism, insulin synthesis and secretion,
as well as insulin-signal transduction, that have been identified by
the GWAS. Besides, investigators have used case-control studies to
explore the susceptibility genes involved in GDM, and found that
several genes (TCF7L2, VDR, IGF2BP2, etc.) subserving multiple
functions such as B-cell function, insulin secretion, peripheral in-

sulin resistance, glucose metabolism, and oxidative stress, confer
genetic susceptibility to GDM (see » Fig. 1, > Table 1, and Tables
S1,S2). However, due to the genetic complexity of GDM, it is diffi-
cult to deduce its underlying molecular mechanism(s) from a rela-
tively limited sample size. Therefore, further studies of additional
samples, different genetic structures, and environmental condi-
tions found in different regions of the world are required to eluci-
date the pathogenesis of GDM in greater detail.
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