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REVIEW ARTICLE

Ab s t r ac t
Gestational diabetes mellitus (GDM) continues to pose a significant challenge to maternal and fetal 
health, driving the need for advanced diagnostic and therapeutic strategies. Biomarker discovery 
has proven essential for early detection, mechanistic insights, and targeted interventions. This 
review provides an in-depth examination of biomarkers related to GDM, focusing on glucose 
metabolism, insulin resistance, inflammatory signaling, adipokines, oxidative stress markers, 
and genetic/epigenetic determinants. We also evaluate novel biomarkers emerging from omics 
technologies and their translational potential in clinical practice. Additionally, we explore the role 
of microRNAs and extracellular vesicles as emerging biomarkers that could offer new perspectives 
on GDM pathophysiology. Integration of these biomarkers into predictive models holds the 
potential to improve risk assessment and patient health outcomes.
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roles and clinical relevance, with a particular 
focus on their implications in the Indian and 
Russian context.

Glu co s e Me ta b o l i s m 
Ma r k e r s

Fasting Plasma Glucose
Fasting plasma glucose (FPG) is a key 
component in diagnosing GDM, defining 
a threshold of ≥92 mg/dL for diagnosis, 
indicating impaired glucose homeostasis.25,26 
Elevated FPG levels, reflecting hepatic insulin 
resistance and increased glucose production, 
are central to the pathophysiology of GDM.27 
However, various studies suggest that the 
optimal FPG cut point may vary. For instance, 
the Hyperglycemia and Adverse Pregnancy 
Outcomes (HAPO) study identified increased 
risks of adverse outcomes at lower FPG cut 
points, leading to recommendations for 
a threshold of ≥95 mg/dL.12 Additionally, 
multiple studies found that dif ferent 
cut  p oint s ,  such as  ≥9 0 mg/dL and 
≥100 mg/dL, were linked with varying risks 
of complications,28,29 underscoring the need 

In t r o d u c t i o n

Gestational diabetes mellitus (GDM), 
identified as glucose intolerance that 

arises or is first detected during pregnancy, 
impacts approximately 13% of pregnancies 
worldwide.1,2 This definition overlooks 
the distinction that GDM does not include 
women previously diagnosed with type 
1 or type 2 diabetes mellitus (T1D or T2D) 
prior to pregnancy, which is called ”diabetes 
in pregnancy” (DIP), and this group is 
linked to higher rates of maternal and fetal 
complications.3 FIGO recommends using the 
term ”hyperglycemia in pregnancy” (HIP) to 
encompass both GDM and preexisting DIP.4 
In India, this prevalence is estimated to be 
between 15 and 18%, reflecting a growing 
public health challenge.5–8 In Russia, GDM is 
also very frequent, with 13.6% of pregnant 
women estimated to have GDM.9 GDM 
contributes significantly to adverse maternal 
and fetal outcomes.10–12 GDM poses risks 
such as preeclampsia, fetal macrosomia, 
and long-term metabolic disturbances, 
including an increased predisposition to T2D 
in mothers.12–15 Moreover, children of mothers 
with GDM are at a higher risk of developing 
obesity, T2D, and cardiovascular diseases 
(CVD) as they grow older.16,17

Addressing this issue effectively requires 
targeted interventions and best management 
strategies to reduce these risks and improve 
outcomes for both mothers and their children.

Several studies, such as the TOBOGM 
(Treatment of Booking Diabetes Mellitus) 
study,18 the WINGS (Women in India with 
GDM Strategy) study,19,20 and the STRIDE 

(STratification of Risk of Diabetes in Early 
pregnancy) study,21 have provided valuable 
insights into screening, risk stratification, 
and management of GDM in India. The 
WINGS study demonstrates the effectiveness 
of structured screening programs and 
follow-up care in improving maternal and 
fetal outcomes, advocating for widespread 
i m p l e m e nt a t i o n  o f  G D M  s c r e e n i n g 
guidelines. 22 Additionally, the STRIDE 
study has been instrumental in providing 
a threshold for early pregnancy screening 
using HbA1c and routinely collected maternal 
data to identify a subgroup of women, in 
early pregnancy, who are at the highest risk 
of developing GDM. This has the potential 
to offer intervention to this subgroup for 
prevention.21

While these studies have enhanced 
screening and glycemic management 
strategies, there is still a need for more 
personalized approaches to treatment. 
The identification of reliable biomarkers is 
essential in addressing this gap, as these 
contribute to a better understanding of 
the pathophysiology of GDM and present 
opportunities for more focused therapeutic 
interventions.23,24 An ideal biomarker for 
GDM would offer two primary benefits: 
it could significantly reduce unnecessary 
testing by efficiently identifying women at 
low risk, simplifying the prenatal care process. 
Additionally, it enables the early identification 
of women at higher risk, facilitating prompt 
intervention and targeted preventive 
measures. This review aims to consolidate 
current and emerging biomarkers of GDM 
(Table  1), emphasizing their mechanistic 
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both insulin secretion and glucose metabolism 
over time. By assessing glucose levels at fasting, 
as well as 1-hour and 2-hour intervals following 
a 75 gm glucose load, the dynamic interplay 
between fasting and postprandial glucose 
excursions provides insights into beta-cell 
responsiveness and resistance to insulin in 
peripheral tissues. The glucose challenge-
induced hyperglycemia reveals underlying 
impaired beta-cell function and insulin 

intolerance and informs effective intervention 
strategies.

Oral Glucose Tolerance Test
This is a diagnostic test that involves a 1-hour 
(≥180 mg/dL) and 2-hour (≥153 mg/dL) 
postglucose values rather than a biomarker, 
used for assessing specific health conditions.25 
The OGTT is still considered the gold standard 
for GDM diagnosis, as it effectively evaluates 

for a multiparametric diagnostic approach. 
Integrating FPG with other measures, 
like the 75 gm oral glucose tolerance test 
(OGTT), enhances diagnostic accuracy and 
risk prediction for adverse maternal and 
fetal outcomes, including macrosomia and 
preeclampsia.30 Therefore, a comprehensive 
approach that incorporates FPG alongside 
additional metabolic parameters ensures 
a more accurate assessment of glucose 

Table 1:  Biomarkers for GDM—timing, significance, and limitations

Biomarker Timing for test in GDM Significance in GDM Limitations

Preconception or early pregnancy
Genetic variants Preconception or early 

pregnancy (genetic testing)
Can identify risk variants 
associated with GDM

Genetic predisposition alone does not 
predict GDM development; complex 
interaction with environment

Epigenetic modifications Preconception or early 
pregnancy

Can show heritable changes in 
gene expression related to GDM

Experimental; not yet applicable in routine 
clinical practice

Early pregnancy
Adiponectin Early pregnancy Low levels are associated with 

insulin resistance and GDM
Limited availability of assays; influenced 
by obesity and other metabolic conditions

Metabolomics Early pregnancy Profiles metabolic changes that 
may indicate risk for GDM

High cost; complex interpretation; still in 
research phase

Proteomics Early pregnancy Identifies protein markers that 
could predict GDM risk

Expensive; complex data analysis; not yet 
used in clinical practice

MicroRNAs Early pregnancy Potential biomarkers For GDM 
diagnosis and prognosis

Limited clinical use; requires further 
validation and standardization

Ficolin-3 Early pregnancy A novel biomarker that may be 
linked to inflammation and insulin 
resistance in GDM

Early research; not validated for clinical 
use in GDM diagnosis or management

F2-isoprostanes Early pregnancy Sensitive marker of oxidative 
stress, may be elevated in GDM

High cost; difficult to standardize; 
nonspecific to GDM

Early to mid-pregnancy
Insulin and C-peptide levels Early to mid-pregnancy Reflects insulin secretion and 

pancreatic beta-cell function
Variability in assays; not routinely used for 
diagnosis; limited by fasting and circadian 
changes

C-reactive protein Early to mid-pregnancy Marker of inflammation, which is 
elevated in GDM

Nonspecific marker of inflammation; 
elevated in other conditions

Leptin Early to mid-pregnancy Associated with insulin resistance 
and obesity, common in GDM

Influenced by body mass index and other 
metabolic conditions

Nesfatin-1 Early to mid-pregnancy May regulate glucose metabolism 
and insulin sensitivity in GDM

Limited studies; unclear clinical utility in 
routine diagnosis

Fasting plasma glucose Early pregnancy or at  
24–28 weeks

Indicator of baseline glucose 
metabolism; commonly used for 
GDM diagnosis

May miss postprandial hyperglycemia; 
poor sensitivity in early GDM diagnosis

Mid-pregnancy
Oral glucose tolerance test 24–28 weeks Gold standard for diagnosing GDM 

based on glucose levels after a 
glucose challenge

Time-consuming; requires fasting; patient 
discomfort

Any time in pregnancy
HOMA-IR Any time in pregnancy Assesses insulin resistance, which 

increases in GDM
Requires fasting insulin and glucose 
measurements; not routinely used in 
clinical practice

Malondialdehyde Throughout pregnancy Marker of oxidative stress, elevated 
in GDM

Not widely available; oxidative stress 
markers can be nonspecific

1,5-anhydroglucitol Throughout pregnancy Reflects short-term postprandial 
hyperglycemia; low levels indicate 
poor glucose control

Not commonly used in routine GDM 
diagnosis; expensive; not always 
correlated with other measures
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to insulin. Furthermore, elevated C-peptide 
levels are often seen as a marker of beta-
cell stress, indicating that while beta cells 
are compensating for insulin resistance, 
they are also under considerable strain, 
potentially leading to beta-cell dysfunction 
if this compensatory mechanism fails. From 
a pathophysiological perspective, the 
persistence of elevated C-peptide and insulin 
levels in GDM individuals suggests that while 
there is compensatory hyperinsulinemia, it 
is not always sufficient to address the insulin 
resistance, particularly in the postprandial 
state. This disruption in glucose regulation 
leads to hyperglycemia and increases the risk 
of negative maternal and fetal outcomes, such 
as macrosomia and neonatal hypoglycemia.48 
Moreover, understanding these shifts in 
insulin and C-peptide dynamics is critical for 
evaluating beta-cell reserve and functional 
capacity in GDM, which can have implications 
for long-term metabolic health. Monitoring 
both insulin and C-peptide levels, therefore, 
provides important insight into the underlying 
pathophysiology of GDM and its potential 
progression to future metabolic disorders.

Sex Hormone Binding Globulin
Sex hormone binding globulin (SHBG) has 
gained recognition as an early biomarker for 
GDM.49 Low levels of SHBG in early pregnancy 
have consistently been linked to a higher risk 
of developing GDM during the 24–28-week 
gestational period. This association suggests 
that SHBG could serve as an early marker for 
GDM risk.50 SHBG is crucial in regulating insulin 
sensitivity and glucose metabolism, with 
reduced levels reflecting insulin resistance, 
a defining characteristic of GDM.51 Various 
studies have shown that combining early 
pregnancy SHBG measurements with other 
risk factors improves the prediction of 
GDM.52 This composite risk scoring model 
can significantly reduce the need for OGTTs, 
especially in resource-limited settings, by 
stratifying women into risk categories. SHBG 
thresholds for diagnosing GDM vary across 
populations, and its sensitivity adds to its 
limitation,53 but its inclusion in screening 
strategies provides a simple, reproducible, 
and efficient method for identifying women 
at high risk, enabling earlier interventions to 
enhance both maternal and fetal outcomes.

Quantitative Insulin Sensitivity 
Check Index
Quantitative insulin sensitivity check index 
(QUICKI) serves as an important indicator 
for evaluating insulin sensitivity in the 
context of GDM. QUICKI is calculated from 
fasting insulin and glucose levels and offers 
a dependable measure of insulin sensitivity, 

method for estimating insulin resistance 
by integrating fasting insulin and glucose 
concentrations, providing a surrogate marker 
for hepatic insulin sensitivity. In the context of 
GDM, elevated HOMA-IR values are indicative 
of significant insulin resistance, a hallmark of 
the disorder. This increase in insulin resistance 
reflects impaired insulin signaling, specifically 
to the insulin receptor and its downstream 
signaling pathways, including the AKT/PKB 
cascade, which is critical for glucose uptake 
and glycogen synthesis.40 Research has 
demonstrated that in women with GDM, 
HOMA-IR levels are significantly elevated 
compared to those in normoglycemic 
pregnancies, highlighting the disruption in 
insulin receptor function and its downstream 
metabolic effects.41 This impairment is further 
exacerbated by pregnancy-induced hormonal 
changes, including elevated placental 
hormones such as human placental lactogen 
(hPL) and progesterone, which impair insulin 
resistance during pregnancy.42 Research also 
suggests that HOMA-IR may predict not only 
the severity of GDM but also the likelihood of 
postpartum metabolic complications.43 Given 
its noninvasive and cost-effective nature, 
HOMA-IR is a valuable tool for assessing 
insulin resistance in GDM at any time during 
pregnancy, although its limitations, such as 
reliance on fasting measures alone, necessitate 
careful interpretation in clinical settings.

Insulin and C-Peptide Concentrations 
in Gestational Diabetes Mellitus
Elevated insulin and C-peptide levels in 
individuals with GDM reflect a compensatory 
response of the pancreatic beta cells to 
increased insulin resistance, a defining 
characteristic of GDM. Normally, insulin 
and C-peptide are released together from 
pancreatic beta cells in equal amounts, but 
C-peptide is considered a more reliable 
marker of endogenous insulin secretion 
because it has a longer half-life.44 In GDM, 
insulin resistance rises significantly during 
the second and third trimesters, largely due 
to placental hormones like human placental 
lactogen (hPL), progesterone, and cortisol, 
which interfere with insulin’s effects on 
target tissues.45 As insulin resistance worsens, 
beta cells initially respond by ramping up 
insulin production to compensate, leading to 
elevated insulin and C-peptide concentrations 
in circulation.46 However, in late pregnancy, 
the disproportionate rise in C-peptide 
compared to insulin suggests potential 
alterations in insulin clearance or changes 
in the kinetics of insulin secretion.47 This 
variation might be attributed to enhanced 
hepatic insulin clearance, leading to elevated 
levels of circulating C-peptide in comparison 

resistance in the liver.31 However, despite its 
utility, the OGTT has several drawbacks. One 
major limitation is the variability in glucose 
thresholds across different populations, 
complicating the establishment of a universal 
diagnostic standard.32,33 Additionally, the test 
requires significant time (2–3 hours) and can 
cause discomfort due to nausea and vomiting, 
leading to poor patient compliance. Factors 
such as stress or illness can influence glucose 
readings, increasing the risk of false positives 
or negatives.34

Glycated Hemoglobin
In the context of GDM, HbA1c has been 
explored for both diagnostic and prognostic 
purposes. Mechanistically, HbA1c formation 
is driven by the nonenzymatic glycation 
of  hemoglobin,  with higher glucose 
concentrations leading to increased glycation.

Despite the dynamic shifts in glucose 
metabolism during pregnancy, HbA1c is 
not typically utilized for the diagnosis of 
GDM. Recent advances have highlighted its 
potential utility in identifying women at risk 
of adverse pregnancy outcomes, such as 
preeclampsia and macrosomia.35 A recent 
study revealed that early pregnancy HbA1c 
levels, either alone or in combination with 
factors such as age, BMI, and family history, 
were strongly linked to the risk of developing 
GDM between 24 and 28 weeks. The adjusted 
risk ratios were 1.60 (95% CI 1.19–2.16) in India, 
3.49 (95% CI 2.80–4.34) in Kenya, and 4.72 (95% 
CI 3.82–5.82) in the UK. Using a composite risk 
score model could potentially decrease the 
reliance on OGTTs by 50–64%. The HbA1c 
thresholds for diagnosing or ruling out GDM 
varied across regions, with rule-in and rule-out 
values of 5.4 and 4.9% in India, 6.0 and 5.2% in 
Kenya, and 5.6 and 5.2% in the UK.21

Clinically, HbA1c of fers a practical 
advantage as it does not require fasting, 
making it a convenient marker for follow-up 
assessments in GDM management.36 However, 
its sensitivity in predicting GDM remains 
lower compared to traditional oral glucose 
tolerance tests.37,38 Certain conditions, like 
hemoglobinopathies (e.g., thalassemias, Hb 
variants) and iron-deficiency anemia, can 
interfere with accurate HbA1c measurement, 
which is more prevalent in regions like India.39 
Further research is required to confirm its role in 
early pregnancy screening and risk assessment.

In s u l i n Se n s i t i v i t y a n d 
Se c r e t i o n Ma r k e r s

Homeostasis Model Assessment of 
Insulin Resistance
Homeostasis Model Assessment of Insulin 
Resistance (HOMA-IR) is a commonly used 
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provide insight into the hormonal imbalance 
characteristic of GDM, potentially offering a 
tool for early detection and risk stratification. 
Additional research is required to establish 
the significance of 21-deoxycortisol in the 
pathophysiology of GDM and its clinical utility 
as a diagnostic marker.

Cucurbitacin-C and Aspartame
Cucurbitacin-C is recommended during 
pregnancy due to its medicinal properties, 
and aspartame, a nonnutritive sweetener, 
has also been noted in dietary patterns. 
As urine composition is largely affected by 
dietary intake, analyzing maternal urine can 
help detect shifts in dietary patterns. A study 
found that aspartame and cucurbitacin-C 
were among the metabolites dysregulated 
in the urine of pregnant women with GDM.59 
However, these markers are not highly 
specific, and additional research is required to 
gain a more comprehensive understanding of 
the implications of these results.

In f l amma   to ry Ma r k e r s

C-Reactive Protein 
C-reactive protein (CRP), a widely recognized 
systemic marker of inf lammation, has 
garnered significant attention for its role in the 
development of GDM. Increased CRP levels are 
frequently observed in individuals diagnosed 
with GDM, reflecting subclinical inflammation 
that parallels the metabolic and hormonal 
changes occurring during pregnancy. This 
inflammatory state is not just a consequence 
of metabolic dysfunction but may actively 
contribute to it, creating a feedback loop 
that increases insulin resistance, a hallmark 
feature of GDM.68 The relationship between 
CRP and GDM involves multiple complex 
mechanisms, particularly at the molecular 
level. CRP serves as an indicator of heightened 
immune activation, signifying systemic 
inflammation that impacts vascular function. 
A major pathway involved in this process 
is the activation of nuclear factor-kappa B 
(NF-κB), an essential transcription factor 
that controls the expression of various pro-
inflammatory cytokines.69 In GDM, NF-κB 
activation triggers the release of inflammatory 
mediators like tumor necrosis factor-alpha 
(TNF-α), interleukin-6 (IL-6), and interleukin-1β 
(IL-1β), all of which contribute to insulin 
resistance and endothelial dysfunction.70,47 
CRP, through its interaction with endothelial 
cells, promotes vascular inf lammation, 
oxidative stress, and dysregulation of insulin 
signaling pathways. This pro-inflammatory 
environment enhances insulin resistance, 
making glucose regulation more challenging 
for the mother and increasing the risk of 

thus serve as an indicator of hepatic or gut-
related metabolic disturbances in GDM, 
presenting a possible noninvasive biomarker 
for the early diagnosis and monitoring of 
the disease. Additional research is needed 
to explore its precise role and diagnostic 
significance in the pathology of GDM.

Ceramides
Ceramides, a class of bioactive sphingolipids, 
have been implicated in insulin resistance 
and inflammation,62 both of which are key 
features of GDM. Recent studies suggest that 
urinary ceramide levels may reflect underlying 
metabolic disturbances in GDM, as ceramides 
play a crucial role in lipid metabolism, 
cell signaling, and apoptosis. Elevated 
urinary ceramide levels in GDM individuals 
may indicate disrupted lipid homeostasis 
and play a role in the development of 
insulin resistance, a common feature of 
GDM.59 Additionally, ceramides are linked 
to oxidative stress and inflammation, which 
further exacerbate glucose intolerance 
during pregnancy.63 Measuring ceramide 
levels in urine may serve as a noninvasive 
biomarker for the early identification and 
progression of GDM, providing perspectives 
into the pathophysiology of the disease and 
prospective treatment targets for managing 
metabolic dysfunction in pregnant women. 
Further investigations are necessary to 
validate the diagnostic utility of urinary 
ceramides in GDM.

21-Deoxycortisol
21-deoxycortisol, a steroid intermediate in the 
biosynthesis of cortisol, has been studied in 
various metabolic and endocrine disorders.64 
In GDM, the hormonal and metabolic 
environment is significantly altered, often 
leading to disruptions in the hypothalamic-
pituitary-adrenal (HPA) axis.65 This disruption 
may result in abnormal levels of steroid 
intermediates like 21-deoxycortisol. Elevated 
levels of 21-deoxycortisol could indicate 
impaired steroidogenesis or dysregulation of 
adrenal function, both of which are relevant to 
the insulin resistance and glucose intolerance 
seen in GDM.66 A recent study revealed 
that women who later developed GDM had 
elevated levels of 21-deoxycortisol during 
the first trimester, compared to those who 
did not develop the condition. The study’s 
GDM prediction model, which incorporated 
multiple variables including 21-deoxycortisol, 
demonstrated a high specificity of 96.6% and 
sensitivity of 97.5%, indicating that early risk 
estimation based on these markers could 
provide an effective tool for preventing 
and managing GDM.67 As a biomarker, 
21-deoxycortisol in urine or plasma may 

which is frequently diminished in women 
with GDM.54 Research indicates that lower 
QUICKI values during early pregnancy are 
predictive of GDM onset, as they signify 
underlying insulin resistance, a central 
factor in the pathophysiology of GDM.41 
When used alongside insulin secretion 
markers such as fasting insulin and C-peptide, 
QUICKI can improve the identification of 
women at high risk for developing GDM.55 
Its simplicity and efficiency make it a useful 
tool for early screening, especially in low-
resource settings, reducing the dependence 
on more burdensome tests like the OGTT. 
Incorporating QUICKI into a composite risk 
score can also improve the prediction of 
adverse pregnancy outcomes related to GDM.

Ur i n a ry Ma r k e r s

Urinary L-Tryptophan
Urinary L-tryptophan excretion has gained 
attention in the context of metabolic 
disorders, including GDM.56 The urinary 
e x c r e t i o n  o f  L- t r y p t o p h a n  a n d  i t s 
metabolites, such as kynurenine, reflects 
disturbances in tryptophan metabolism, 
which are often linked to inflammatory and 
oxidative stress pathways.57 In GDM, altered 
tryptophan metabolism could play a role 
in the development of insulin resistance 
and disrupted glucose regulation, with 
increased excretion potentially indicating a 
dysregulation in the kynurenine pathway.58 
This dysregulation can enhance oxidative 
stress and immune activation, further 
exacerbating the metabolic disturbances 
obser ved in GDM . Through targeted 
and untargeted metabolomic analysis, 
the integration of both plasma and urine 
metabolites enhanced the accuracy of GDM 
prediction, with an AUC of 0.99.59 Monitoring 
urinary L-tryptophan and its metabolites 
could thus serve as a noninvasive biomarker 
for assessing metabolic stress and insulin 
resistance in pregnant women.

L-Urobilinogen
L-urobilinogen, a bile pigment derivative 
formed from the breakdown of hemoglobin, 
has been explored as a potential indicator 
in numerous metabolic disorders, including 
GDM. Its presence in urine reflects liver 
function and gut microbial activity, both of 
which can be affected by metabolic changes 
during pregnancy.59 In GDM, altered glucose 
metabolism may influence liver function, 
potentially leading to elevated levels of 
L-urobilinogen.60 Additionally, the dysbiosis of 
gut microbiota, commonly observed in GDM, 
could impact urobilinogen metabolism.61 
Increased urinary L-urobilinogen levels may 
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levels of nesfatin-1 were associated with insulin 
resistance in GDM. This further underscores 
the role of nesfatin-1 in regulating glucose 
metabolism during pregnancy. Given its 
ability to modulate insulin sensitivity and 
glucose uptake, nesfatin-1 could hold promise 
not only as a biomarker for early detection of 
GDM but also as a potential therapeutic agent 
to improve glucose regulation and insulin 
sensitivity in affected women. These findings 
highlight the need for further investigation 
into the precise mechanisms by which 
nesfatin-1 influences metabolic processes in 
GDM, and how its modulation could offer new 
avenues for managing the condition.84

Additionally, nesfatin-1 has demonstrated 
anti-inflammatory properties, which may help 
mitigate the chronic low-grade inflammation 
characteristic of GDM.87 These results indicate 
that nesfatin-1 could be a potential biomarker 
and therapeutic target for the management 
of GDM, warranting further investigation 
into its mechanistic pathways and clinical 
implications.

Adiponectin
Adiponectin, a key adipokine secreted 
by adipocytes, plays an essential role in 
modulating insulin sensitivity and exerting 
anti-inflammatory effects.88,89 In GDM, low 
adiponectin levels are frequently observed, 
reflecting impaired adipocyte function and 
reduced insulin sensitization.90 This reduction 
in adiponectin is particularly concerning given 
its metabolic benefits, such as enhancing 
glucose uptake and fatty acid oxidation, as 
well as inhibiting hepatic gluconeogenesis, 
which collectively help maintain metabolic 
balance.91 Multiple studies have indicated 
that reduced adiponectin levels in GDM 
are linked to higher insulin resistance and 
a greater likelihood of progressing to T2D 
after pregnancy.92,93 Research also suggests 
that the reduction in adiponectin levels 
in GDM may be linked to hypertrophied 
adipocytes, which become dysfunctional in 
the setting of obesity and insulin resistance. 
These hypertrophied adipocytes exhibit 
a dysregulated secretion of adiponectin, 
further exacerbating insulin resistance and 
contributing to metabolic imbalances.27 
A study conducted by Retnakaran et  al.94 
revealed that women with GDM exhibited 
significantly reduced levels of circulating 
adiponectin when compared to healthy 
pregnant women, and this was linked with 
impaired glucose tolerance and elevated 
insulin resistance. Another study by Pheiffer 
et  al.95 highlighted that adiponectin levels 
in mid-pregnancy could help predict the 
onset of GDM, underscoring its role as an 
early biomarker for metabolic disturbances 

hypothalamic regulation of energy balance, 
resulting in increased food consumption 
and decreased energy expenditure, both of 
which can exacerbate insulin resistance.77 
Leptin’s role in glucose metabolism is also 
significant. It directly influences insulin 
sensitivity in peripheral tissues such as skeletal 
muscle, liver, and adipose tissue, enhancing 
glucose uptake and utilization. However, in 
leptin resistance, these beneficial actions are 
reduced, leading to increased blood glucose 
levels and insulin resistance.78 Moreover, leptin 
has an impact on the hypothalamic-pituitary 
axis, which regulates hormones involved 
in glucose homeostasis. Leptin resistance 
disrupts this delicate hormonal balance, 
further impairing glucose metabolism and 
contributing to the development of GDM.79 
Given leptin’s multifaceted role in energy 
homeostasis and glucose regulation, it is a 
critical factor in the metabolic disturbances 
observed in GDM. Leptin’s involvement 
in both central and peripheral processes 
affecting insulin sensitivity and glucose 
metabolism underscores its potential as a 
target for therapeutic interventions in GDM. 
Continued research is necessary to explore 
leptin’s role further, as understanding its 
exact mechanisms and therapeutic potential 
could offer new approaches to managing 
GDM and reducing the risk of its long-term 
complications.80

Nesfatin-1
Nesfatin-1, a novel adipokine, has gained 
significant attention for its diverse metabolic 
functions, particularly its role in regulating 
energy balance, maintaining glucose 
homeostasis, and enhancing insulin sensitivity. 
Initially discovered in the hypothalamus 
as a key regulator of satiety, nesfatin-1 
has since been found to be expressed in 
several peripheral tissues, including adipose 
tissue, the pancreas, and the gastrointestinal 
tract.81 This broader expression suggests 
that nesfatin-1 has systemic effects on 
metabolism, beyond just controlling hunger. 
In the context of GDM, emerging research 
indicates that nesfatin-1 plays a critical role 
in glucose metabolism.82 Studies have shown 
that nesfatin-1 improves insulin sensitivity and 
enhances glucose uptake in peripheral tissues, 
which is essential for maintaining glucose 
balance.83 Recent reports84–86 have found that 
circulating nesfatin-1 levels are significantly 
lower in women with GDM, correlating with 
increased insulin resistance and dysregulated 
glucose metabolism. This pattern suggests 
that nesfatin-1 may be an important marker 
or even a potential therapeutic target in GDM 
management. Our recent study on nesfatin-1 
demonstrated similar findings, where reduced 

adverse pregnancy outcomes. The risk of 
unfavorable pregnancy outcomes may 
increase for the mother.71 However, the 
specificity of CRP as a diagnostic tool is limited, 
as it reflects generalized inflammation and is 
elevated in various conditions.72 Nonetheless, 
its role in the inflammatory cascade central to 
GDM underscores the importance of targeting 
inflammation in therapeutic interventions.

Interleukin-6 and Tumor Necrosis 
Factor-Alpha
The pro-inflammatory cytokines interleukin-6 
(IL-6) and tumor necrosis factor-alpha (TNF-α) 
are critical contributors to the impairment 
of insulin signaling in GDM. These cytokines 
promote insulin resistance by inducing serine 
phosphorylation of insulin receptor substrates 
(IRS), particularly IRS-1, which impairs the 
downstream signaling necessary for insulin 
action.27,73 This disruption of insulin pathways 
is a core feature of GDM and exacerbates 
glucose intolerance. Increased levels of these 
cytokines in GDM point to a chronic low-grade 
inflammatory condition, often referred to as 
“meta-inflammation.”74 This inflammation 
also impairs adipose tissue function, which 
leads to the elevated release of free fatty acids, 
altered adipokine secretion, and lipotoxicity—
all contributing to further insulin resistance 
and metabolic dysregulation. The dysfunction 
of adipose tissue further perpetuates the 
inflammatory cycle, exacerbating metabolic 
impairment.75 This chronic inflammatory 
state not only worsens insulin resistance 
during pregnancy but may also have lasting 
implications, increasing the likelihood of 
cardiovascular complications in both the 
mother and her offspring.71 Early interventions 
targeting inflammatory pathways could 
potentially mitigate these risks, leading to 
improved outcomes for women with GDM 
and their children. These interventions may 
also contribute to reducing the long-term 
metabolic consequences associated with 
GDM, such as the risk of developing type 2 
diabetes in the mother.

Ad i p o k i n e s

Leptin
Leptin, an adipokine primarily produced 
by adipose tissue, plays a crucial role in 
regulating body weight by controlling 
appetite and energy expenditure through 
its central actions on the hypothalamus. 
However, its influence extends far beyond 
appetite regulation.76 In GDM, elevated 
leptin levels are often observed, but they 
are typically accompanied by a diminished 
physiological response, a condition known as 
leptin resistance. This resistance impairs the 
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resistance in GDM.112 Studies have shown a 
strong link between increased F2-isoprostane 
levels and worsened insulin sensitivity, linking 
oxidative damage to metabolic dysfunction.113 
Furthermore, the heightened oxidative stress 
reflected by F2-isoprostanes is linked with 
increased risk in pregnancy outcomes, making 
them a potential biomarker for early detection 
and intervention in GDM.105 By measuring 
F2-isoprostanes, researchers and clinicians can 
better understand the oxidative stress burden 
in GDM, offering insights into the molecular 
mechanisms underlying its progression and 
potential therapeutic strategies to mitigate 
its effects.

Pl ac e n ta-d e r i v e d Ma r k e r s

Placenta-derived markers are essential for 
assessing both maternal and fetal health, 
particularly in complicated pregnancies such 
as those involving GDM and preeclampsia.114 
Follistatin-like 3 (FSTL3), a glycoprotein 
primarily expressed in the placenta, regulates 
several signaling pathways, including those 
of activin and myostatin, which are essential 
for placental development and function.115 
Studies have shown altered FSTL3 levels 
in pregnancies complicated by GDM and 
preeclampsia, suggesting its role in placental 
dysfunction.116 Similarly, placental growth 
factor (PlGF) is vital for angiogenesis and 
vascular development in pregnancy.117 
Decreased levels of PlGF are strongly 
associated with placental insufficiency and 
are widely used as a marker for predicting 
preeclampsia.118 These markers are critical 
for understanding the pathophysiology of 
pregnancy complications and can serve as 
potential therapeutic targets. Additionally, 
emerging markers such as placental 
exosomes, afamin, and fetuin-A provide 
further insight into placental biology.119,120 
Placental exosomes, which are extracellular 
vesicles released into the maternal circulation, 
play key roles in immune modulation and 
metabolic regulation during pregnancy.121 
Afamin, a vitamin E-binding glycoprotein, 
has been found to be elevated in cases of 
GDM, reflecting changes in metabolic and 
oxidative stress pathways. A meta-analysis 
showed that pregnant women with GDM had 
significantly elevated plasma afamin levels 
during the first trimester (SMD = 0.481, 95% 
CI: 0.280–0.682), but this difference was not 
observed in the later stages of pregnancy. In 
women with preeclampsia, afamin levels were 
elevated across all trimesters, with the highest 
levels observed in the second/third trimesters 
(SMD = 0.904, 95% CI: 0.570–1.239).122 Fetuin-A, 
another glycoprotein, is involved in insulin 
resistance and inflammation, making it a 

births in GDM showed higher maternal ghrelin 
(p = 0.031) and lower neonatal proinsulin 
(p = 0.033). These adipokines collectively 
reflect the intricate metabolic and hormonal 
alterations that occur in GDM, and their 
combined measurement may offer enhanced 
predictive value, enabling earlier intervention 
and better management strategies to improve 
maternal and fetal outcomes.

Ox i dat i v e St r e s s Ma r k e r s

Malondialdehyde
Malondialdehyde (MDA) is a by-product 
of lipid peroxidation, commonly used as 
a marker for oxidative stress.105 Elevated 
MDA levels have been observed in GDM, 
highlighting the critical role that oxidative 
stress plays in the development of this 
condition.106 Increased oxidative damage not 
only contributes to the interruption of normal 
insulin signal transduction pathways but also 
worsens insulin resistance in critical metabolic 
tissues like the liver and skeletal muscle. The 
accumulation of MDA indicates heightened 
lipid peroxidation, which is linked to cellular 
stress and damage, further worsening the 
metabolic imbalances seen in GDM.107 
Studies have shown that oxidative stress 
impairs mitochondrial function in insulin-
sensitive tissues, reducing their capacity 
for efficient glucose uptake and energy 
production.108 Mitochondrial dysfunction 
disrupts the balance between reactive 
oxygen species (ROS) generation and the 
body’s antioxidant defenses, triggering 
pro-inflammatory pathways that exacerbate 
insulin signaling impairment. The detrimental 
cycle of oxidative stress, mitochondrial 
dysfunction, and insulin resistance is a key 
contributor to the progression of GDM.109 
Lappas et  al.110 demonstrated that women 
with GDM exhibited significantly higher 
levels of MDA compared to healthy pregnant 
women, indicating that oxidative stress may 
play a key role in the metabolic dysfunction 
associated with pregnancy. As a result, 
addressing oxidative stress and mitochondrial 
dysfunction could present promising 
therapeutic strategies for enhancing insulin 
sensitivity and alleviating the negative 
metabolic effects of GDM.

F2-Isoprostanes
Endothelial dysfunction, mediated by 
oxidative stress, plays a crucial role in 
disrupting vascular homeostasis, which 
is essential for maintaining proper insulin 
signaling and glucose uptake.111 The rise 
in F2-isoprostanes mirrors the oxidative 
damage to cell membranes and the resultant 
inflammatory responses that aggravate insulin 

in pregnancy. Adiponectin are inflammatory 
marker s  which may increase due to 
proinflammatory state. They gain importance 
only if they have predictive ability in early/
prepregnancy singly or in combination. Thus, 
adiponectin serves as a valuable marker for 
assessing metabolic health in GDM and could 
offer potential avenues for early diagnosis and 
therapeutic intervention to improve maternal 
and fetal outcomes.

Resistin
Resistin, an adipokine primarily secreted by 
adipose tissue, has garnered growing attention 
for its potential role in the pathophysiology of 
GDM.96 It is recognized as a contributor to 
insulin resistance, a defining characteristic 
of GDM. Research has shown that pregnant 
women with GDM exhibit signif icantly 
elevated levels of HOMA-IR, resistin, IL-6, 
and TNF-alpha, while adiponectin levels are 
notably reduced compared to those in healthy 
pregnant women.97 Elevated resistin levels 
during the first trimester (hyperresistinemia) 
were strongly linked to a higher likelihood 
of developing GDM later in pregnancy.98 
Resistin demonstrated a high predictive value 
for GDM, with an AUC of 0.836, indicating 
its potential as a reliable early marker for 
identifying women at risk of developing the 
condition. However, the precise mechanisms 
connecting resistin to GDM are still not 
well understood, and additional research 
is required to clarify its exact function and 
potential as a biomarker or therapeutic target 
in managing GDM.

Visfatin, Omentin-1, and Ghrelin
Visfatin, omentin-1, and ghrelin are increasingly 
being recognized as important biomarkers in 
the context of GDM.99,100 Visfatin, produced 
by visceral adipose tissue, is believed to affect 
glucose metabolism by exerting insulin-like 
effects. Increased levels in GDM have been 
associated with greater insulin resistance and 
metabolic dysregulation.101 A meta-analysis 
revealed that omentin-1, an adipokine with 
anti-inflammatory and insulin-sensitizing 
effects, is generally decreased in individuals 
with GDM. Its reduced levels are linked to 
impaired glucose regulation, increased 
insulin resistance, and chronic inflammation, 
all of which play a role in the development 
of GDM.102 Ghrelin, commonly known as the 
”hunger hormone,” regulates appetite and 
energy homeostasis, and its levels tend to 
be dysregulated in GDM.103 A study found 
that pregnant women with GDM and T2D 
exhibited significantly reduced ghrelin levels 
in comparison to healthy women (p < 0.001). 
Additionally, maternal proinsulin levels were 
lower in those with GDM (p < 0.001).104 Preterm 
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1.24- and 1.34-fold increased risk of GDM. 
A third study133 investigated gene variants 
associated with T2D and found that variants in 
HMG20A (rs7178572) and HNF4A (rs4812829), 
previously connected to T2D, also conferred 
significant risk for GDM, with risk alleles 
increasing susceptibility by 1.24 and 1.28 
times, respectively, and up to 1.97 times 
when carrying two risk genotypes. These 
studies collectively highlight the shared 
genetic foundations of T2D and GDM in South 
Asians, providing valuable understanding 
into the genetic factors contributing to GDM 
susceptibility in this population.

In Russia, Popova et  al.134 conducted a 
study looking at the effect of gene-lifestyle 
interactions on GDM risk. They found that 
the association between certain lifestyle 
factors, such as sausage consumption, 
and GDM risk was influenced by genetic 
susceptibility loci. Specifically, they discovered 
an interaction between sausage consumption 
and the number of risk alleles in MTNR1B 
(rs10830963) and GCK (rs1799884), suggesting 
that dietary habits may differentially impact 
GDM risk based on genetic background. 
These results highlight the significance of 
taking both genetic and lifestyle factors into 
account when evaluating the risk of GDM. 
Identifying these genetic markers provides an 
opportunity for personalized risk evaluation 
and targeted interventions for those at 
elevated risk of developing GDM. Apart from 
studying associations of SNPs with GDM, 
several genome-wide association studies 
(GWAS) have focused specifically on exploring 
the genetic factors associated with GDM.135 
These studies have confirmed the associations 
with GDM of previously linked to T2D genes 
MTNR1B, TCF7L2, CDKAL1, and CDKN2A-
CDKN2B, along with MTNR1B exhibiting the 
highest significance. Additionally, a recent 
study by Zhen et  al. revealed 14 novel loci 
that were significantly associated with four 
commonly measured glycemic traits.136

Epigenetic Modifications
Epigenetic  changes ,  esp e cia l ly  DNA 
methylation and histone modifications, 
control the expression of crucial genes 
responsible for glucose metabolism, 
insulin sensitivity, and inflammation. DNA 
methylation refers to the addition of methyl 
groups to cytosine residues in the DNA 
sequence, leading to gene silencing or 
altered gene expression, while histone 
modifications affect chromatin structure and 
gene accessibility.137 Environmental factors 
like maternal obesity, diet, and intrauterine 
exposures during pregnancy can trigger these 
epigenetic changes. Research has shown that 
pregnant women with GDM exhibit specific 

factor 7-like 2) and PPARG (peroxisome 
proliferator-activated receptor gamma) genes 
are among the most studied (Fig. 1).127 TCF7L2 
is essential for regulating insulin secretion 
and maintaining glucose homeostasis, with 
gene variants frequently associated with 
decreased insulin secretion and an elevated 
risk of GDM.128 PPARG is central to adipocyte 
differentiation and insulin sensitivity, and 
its variants have been associated with 
impaired insulin action, contributing to the 
metabolic dysregulation seen in pregnancy.129 
These f indings underscore the genetic 
predisposition to GDM, particularly in 
individuals carrying risk alleles that impair 
beta-cell function and insulin signaling 
pathways. Beyond TCF7L2 and PPARG, other 
loci such as MTNR1B (melatonin receptor 
1B), GCK (glucokinase), and IRS1 (insulin 
receptor substrate 1) have also been linked to 
GDM, further reinforcing the role of genetic 
predisposition in the disease.130 Collectively, 
these genetic variants may interact with 
environmental factors such as nutrition, 
body mass, and physical activity levels, 
exacerbating the susceptibility to metabolic 
dysregulation during pregnancy. In three 
recent studies conducted by Kanthimathi 
et  al.,131 the genetic susceptibility to GDM 
was explored in a South Indian population, 
uncovering key associations with several 
gene variants. The initial study discovered 
two single nucleotide polymorphisms 
(SNPs) in the CDKAL1 gene, rs7754840 and 
rs7756992, which were associated with 
an elevated risk of developing GDM, with 
corresponding odds ratios of 1.34 and 1.45, 
respectively. The second study132 focused 
on variations in the hexokinase domain 
containing 1 (HKDC1) gene, identifying that 
rs10762264 and rs4746822 were linked to a 

relevant marker in pregnancies affected by 
diabetes.123 A study found that women who 
developed GDM had significantly reduced 
levels of maternal fetuin-A during the first 
trimester compared to those who did not (AUC 
= 0.337, p = 0.013). The optimal cutoff value for 
fetuin-A in predicting GDM was identified as 
<166 mg/dL. Additionally, a significant inverse 
correlation was found between fetuin-A 
and hs-CRP levels (r = –0.21, p = 0.047).124 
Moreover, fibroblast growth factors-21 (FGF-
21) and FGF-23 are involved in metabolic 
processes and have been linked to altered 
placental function.125 Ficolin-3, a protein 
involved in the innate immune response, 
has also been linked to the development 
of preeclampsia. In preeclamptic patients, 
plasma ficolin-2 and ficolin-3 levels were 
significantly lower compared to healthy 
pregnant (ficolin-2: 3.1 µg/mL, ficolin-3: 17.6 
µg/mL) and nonpregnant women (ficolin-2: 
3.7 µg/mL, ficolin-3: 18.2 µg/mL). Ficolin-2 
levels showed a positive correlation with 
PlGF and an inverse correlation with sFlt-1, 
endothelial injury markers, and trophoblast 
debris,126 highlighting the interplay between 
immune regulation and placental health. 
Collectively, these placenta-derived markers 
provide broad understanding of the 
multifaceted roles performed by the placenta 
in maintaining pregnancy and the potential 
disruptions caused by metabolic and vascular 
complications.

Em e r g i n g Bi o ma  r k e r s

Genetic and Epigenetic Markers
Genetic Variants
Multiple genetic variants have been strongly 
linked to the development of GDM. Notably, 
polymorphisms in the TCF7L2 (transcription 

Fig. 1:  Biomarkers to understand the disease biology of GDM
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epigenetic profiles, with altered methylation 
patterns in genes associated with glucose 
transport (e.g., SLC2A4 encoding GLUT4) 
and insulin signaling (e.g., IGF2 and LEP).138 
Epigenetic changes resulting from GDM can 
extend well beyond pregnancy, potentially 
contributing to the higher likelihood of 
metabolic disorders in the offspring of 
affected mothers. This suggests that these 
epigenetic modifications may not only impact 
the mother’s metabolism but also increase 
her children’s susceptibility to conditions like 
insulin resistance and obesity in the future. 
According to a study conducted by Popova 
et  al.,139 examining genomic expression in 
the human umbilical vein endothelial cells 
(HUVECs) from newborns showed an elevated 
leptin-to-adiponectin ratio. Additionally, 
newborns of mothers with GDM show a 
reduced expression of angiopoietin-like 
protein 4 in their umbilical cord blood 
when compared to those from the control 
group. Achieving target glycemic levels was 
associated with the normalization of the 
elevated leptin-to-adiponectin ratio in the 
umbilical cord blood. In another study by the 
same authors,140 a correlation between TRIB1 
gene expression in HUVECs and the duration 
of intrauterine hyperglycemia exposure was 
observed. It is known that the TRIB1 gene 
affects plasma lipid concentrations and is 
associated with the risk of developing ischemic 
heart disease. Epigenetic alterations have the 
potential to function as biomarkers for the 
early detection of GDM and may also present 
novel targets for therapeutic intervention.141 
Gokulakrishnan et  al.142 presented their 
f indings at the 60th Annual Meeting of 
the European Association for the Study of 
Diabetes (EASD), where they highlighted that 
DNA methylome profiling identified a set of 
seven CpG sites with strong predictive value 
for GDM in Indian women. The CpGs identified 
from first-trimester blood samples were found 
to be significantly hypermethylated in women 
who subsequently developed GDM compared 
to those who maintained normal glucose 
levels. The study employed machine learning 
classifiers to validate the predictive power of 
these CpGs, achieving high sensitivity (92%) 
and specificity (86%) in early GDM detection 
(unpublished data). The CpGs were also 
correlated with glucose levels and linked to 
pathways such as insulin resistance, AGE-RAGE 
signaling, and Th1/Th2 cell differentiation, 
highlighting their potential utility in GDM 
prevention and personalized treatment 
strategies. The reversibility of some epigenetic 
changes holds promise for interventions that 
could mitigate the risk of GDM and its long-
term effects on offspring health, emphasizing 
the importance of understanding both 

genetic and epigenetic contributions to GDM 
pathophysiology.143

MicroRNAs
MicroRNAs (miRNAs) are short, noncoding 
RNA molecules that control gene expression 
at the posttranscriptional level and have 
been increasingly recognized for their role 
in metabolic diseases, including GDM. 
MicroRNA profiling in women with GDM has 
identified dysregulated miRNAs involved in 
insulin sensitivity, glucose metabolism, and 
inflammatory pathways.144 For example, 
miRNAs like miR-29a, miR-222, and miR-330 
have been found to be dysregulated in GDM, 
possibly influencing insulin signaling and 
inflammatory pathways.145 These miRNAs 
may serve as upstream regulators of gene 
expression changes that contribute to the 
metabolic derangements observed in GDM. 
Beyond their role in disease development, 
miRNAs show potential as biomarkers for 
GDM. Their stability in bodily fluids such 
as blood and urine makes them attractive 
candidates for noninvasive testing. Targeting 
specific miRNAs could also represent a novel 
therapeutic strategy for improving insulin 
sensitivity and reducing inflammation in GDM.

Metabolomics
Advances in metabolomics have provided 
new insights into the metabolic alterations 
associated with GDM. Metabolomic profiling 
allows for an in-depth examination of 
small molecules and metabolites present 
in biological samples, offering a snapshot 
of metabolic changes in response to 
physiological states such as pregnancy. In 
GDM, studies have revealed disruptions in 
amino acid metabolism. Elevated levels of 
branched-chain amino acids (BCAAs), such 
as leucine, isoleucine, and valine, have been 
observed in women diagnosed with GDM.146 
These elevated levels may reflect impaired 
insulin sensitivity, as BCAAs have been shown 
to influence insulin signaling pathways. 
Furthermore, alterations in lipid metabolism 
have also been observed, with elevated 
levels of specific ceramides and triglycerides 
indicating lipid dysregulation in GDM.147

These metabolomic signatures not only 
reflect the metabolic stress of pregnancy but 
also suggest potential early biomarkers for 
GDM risk. For example, a unique metabolic 
profile characterized by elevated levels of 
acylcarnitines, fatty acids, and amino acids 
has been linked to a higher risk of GDM, even 
before clinical diagnosis.148 This suggests that 
metabolomic profiling could be used for early 
screening and risk stratification in pregnant 
women, enabling preventive strategies to 
mitigate the progression of GDM.

Proteomics
Proteomics has emerged as a powerful tool 
for understanding the molecular mechanisms 
underlying GDM by identifying protein 
dysregulation in plasma and placental 
tissues. Proteomic analyses have uncovered 
significant alterations in proteins involved in 
insulin signaling, inflammation, and oxidative 
stress. For instance, proteins associated with 
insulin resistance, such as insulin receptor 
substrate 1 (IRS1) and glucose transporter 
type 4 (GLUT4), exhibit altered expression in 
GDM, providing insights into the mechanisms 
driving hyperglycemia in pregnancy.149 
Placental proteomics has also revealed 
changes in proteins involved in nutrient 
transport, mitochondrial function, and cellular 
stress responses, shedding light on how GDM 
affects placental function and, consequently, 
fetal development.150 These proteomic 
discoveries enhance our knowledge of GDM 
pathophysiology and present promising 
biomarkers for early diagnosis and potential 
therapeutic targets.

1,5-Anhydroglucitol (1,5-AG) and 
Fructosamine
1,5-AG is a naturally occurring polyol that has 
gained recognition as a potential biomarker 
for short-term glycemic control.151,152 1,5-AG 
levels are typically lower due to hyperglycemia. 
Elevated glucose levels interfere with the renal 
reabsorption of 1,5-AG, resulting in greater 
urinary excretion,153 particularly in the late 
stages of pregnancy when postprandial 
hyperglycemia becomes more pronounced.154 
Given its sensitivity to short-term fluctuations 
in glucose levels, 1,5-AG could complement 
traditional markers like HbA1c in providing 
glycemic control in women with GDM. 
Additionally, 1,5-AG may aid in the early 
detection of GDM and offer a useful tool for 
monitoring the effectiveness of interventions 
aimed at improving glycemic control during 
pregnancy.

Fruc tosamine,  which ref lec ts  the 
nonenzymatic glycation of circulating 
proteins such as albumin, globulins, and 
lipoproteins, has become a viable alternative 
to HbA1c testing in cases where HbA1c may be 
unreliable.155 Fructosamine levels measured 
in the second trimester have been shown 
to be an unreliable indicator of gestational 
glucose tolerance and postpartum glycemic 
outcomes.156

Microbiome
D y s b i o s i s  d u r i n g  e a r l y  p r e g n a n c y, 
in conjunction with the host ’s immune 
system, can impact the development of 
GDM later on. Numerous studies have 
identified differences in gut microorganisms 
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between pregnant women with GDM and 
those with normal glucose levels.62,157,158 In 
women with GDM, there was an observed 
increase in the abundance of microbial 
species such as Ruminococcus, Klebsiella 
variicola, Prevotella, Rothia, Desulfovibrio, 
Fusobacterium ,  the Eubacterium  halli i 
group, and Blautia. Conversely, there was 
a decrease in populations of Eubacterium 
spp., Bifidobacterium spp., Akkermansia, 
Bacteroides ,  Parabacteroides ,  Dialister, 
Marvinbryantia, Faecalibacterium, and Anaer
osporobacte.62,157,158 A recent study by Pinto 
et al. identified an altered gut microbiome and 
elevated levels of proinflammatory cytokines 
in women who later developed GDM. The 
researchers further validated that changes in 
microbial composition linked to GDM during 
the first trimester contributed to inflammation 
and insulin resistance >10 weeks prior to 
the GDM diagnosis. This was demonstrated 
through fecal microbiota transplantation 
(FMT) experiments. They later implemented 
a machine learning method to accurately 
predict GDM by using clinical data, microbial 
profiles, and inflammatory markers from the 
first trimester.159 Thus, the gut microbiome 
seems to play a role in the development 
of GDM by promoting inflammation, with 
interleukin-6 possibly playing a role in this 
process. Potential markers for GDM, such as 
specific microbiota, could be used for early 
diagnosis and targeted therapy, which may 
help in preventing the condition.

Ot h e r Ma r k e r s

In GDM, several biomarkers are crucial for 
diagnosis and management. Vitamin D levels 
are considered important as deficiencies 
are associated with greater risk of GDM and 
may impact insulin sensitivity.160 Although, 
some studies provide conflicting results 
concerning the role of Vitamin D in GDM.161–163 
Glycosylated fibronectin helps assess placental 
function, with elevated levels indicating 
potential complications such as preterm birth 
or restricted fetal growth.164 The soluble (pro)
renin receptor, a component of the renin-
angiotensin system, could potentially act as 
an early marker for gestational GDM due to 
its link with insulin resistance.165,166 Ferritin 
levels, reflecting iron status, are crucial as both 
deficiency and overload can affect glucose 
metabolism and increase GDM risk.167 While 
not primary markers, glucagon levels can 
influence glucose regulation, and elevated 
PAI-1 levels indicate insulin resistance and 
increased thrombotic risk.168 Adipocyte 
fatty acid-binding protein (AFABP) levels can 
highlight metabolic stress associated with 
GDM.169

Bi o ma  r k e r s to Di s t i n g u i s h 
“Ea r ly Ge s tat i o n a l 
Di a b e t e s Me l l i t u s” f r o m 
“Lat e Ge s tat i o n a l Di a b e t e s 
Me l l i t u s”
FPG combined with other markers in machine 
learning models shows some limitations in 
accurately identifying early GDM, as adding 
more predictors did not significantly improve 
the model’s discriminant power.170 GDM has 
traditionally been diagnosed between 24 and 
28 weeks of pregnancy, and this is referred to 
as “Late GDM.”

More recently, GDM is being diagnosed 
before 20 weeks and even before 14 weeks of 
gestation. This is referred to as “Early GDM.”171,172 
It would be useful if biomarkers for Early GDM 
and Late GDM are developed, as this will lead to 
better identification of the two forms of GDM.

Fu t u r e Pe r s p e c t i v e s

It is important to note that all of the 
aforementioned studies have used glucose 
levels from OGTT conducted after 24 weeks of 
gestation. A key direction for future research 
would be to investigate the genetic factors 
influencing glycemic traits in early pregnancy 
(before 20 weeks) and to compare the genetic 
profiles of early-onset GDM with those of late-
onset GDM. Additionally, maternal ethnicity 
may contribute to heterogeneity, leading to 
both phenotypic and genotypic differences 
among women with GDM.173 Existing GWAS 
studies did not include Indian and Russian 
women. Polygenic scores (PGSs) predominantly 
developed from European populations have 
demonstrated significantly higher accuracy 
in White Europeans than in South Asians.174 
Consequently, multi-ancestry GWAS data are 
crucial for creating ancestry-specific PGSs 
to help mitigate health disparities. The most 
impactful biomarkers should be integrated 
into mathematical models predicting GDM and 
validated on independent cohorts.

Cl i n i c a l Im p l i c at i o n s

In the realm of clinical implications, there is 
growing potential for the practical application 
of specific biomarkers to detect high-risk 
GDM at an early stage. Biomarkers with 
enhanced specificity and sensitivity can 
significantly improve day-to-day clinical 
practice by empowering clinicians to make 
more informed decisions and implement 
timely interventions. Emerging biomarkers 
have shown promise in enhancing early risk 
stratification. Incorporating these biomarkers 
into routine screening could greatly improve 
personalized patient management, potentially 

reducing the complications associated with 
GDM.

Looking ahead, the development of a 
clinical predictive model that integrates these 
biomarkers with traditional risk factors—
which include family history, advanced age, 
and higher BMI—offers a promising avenue. 
Such a predictive algorithm, tailored for early 
GDM detection, could help clinicians identify 
high-risk individuals well before traditional 
screening methods indicate abnormalities. 
This approach has the potential to form the 
basis for future research, informing new 
clinical guidelines and fostering more precise 
and effective strategies for GDM management. 
By integrating biomarker research into clinical 
practice, we can improve the early detection 
of GDM and tailor interventions. Biomarkers 
also hold potential for monitoring postpartum 
progression to T2D, providing a continuum of 
care for women at risk.

Ac k n ow l e d gm  e n ts

PramodKumar TA was a research fellow at 
the Rollins School of Public Health, Emory 
University as part of the COALESCE program, 
“Research reported in this publication was 
supported by the Fogarty International Center 
of the National Institutes of Health under 
Award Number D43 TW011404. The content 
is solely the responsibility of the authors and 
does not necessarily represent the official 
views of the National Institutes of Health”.

P Popova’s research was funded by the 
Ministry of Science and Higher Education 
of the Russian Federation under Agreement 
No. 075-15-2022-301. Gokulakrishnan Kuppan 
is currently supported by a DBT-Wellcome 
Trust India Alliance Intermediate Clinical and 
Public Health Fellowship (Grant Number IA/
CPHI/18/1/503964) and expresses gratitude for 
the funding provided by the DBT-Wellcome 
Trust India Alliance for this study.

Re f e r e n c e s
1.	 Hod M, Kapur A, Sacks DA, et  al. The International 

Federation of Gynecology and Obstetrics (FIGO) 
Initiative on gestational diabetes mellitus: a pragmatic 
guide for diagnosis, management, and care. Int J 
Gynaecol Obstet 2015;131:S173–S211.

2.	 Adam S, McIntyre HD, Tsoi KY, et  al. Pregnancy as 
an opportunity to prevent type 2 diabetes mellitus: 
FIGO best practice advice. Int J Gynaecol Obstet 
2023;160(Suppl 1):56–67.

3.	 Greene MF. Screening for gestational diabetes 
mellitus. N Engl J Med 1997;337(22):1625.

4.	 World Health Organization. Diagnostic Criteria 
and Classi f icat ion of Hy p erglycaemia Fir s t 
Detected in Pregnancy. http://apps.who.int/iris/
bitstream/10665/85975/1/WHO_NMH_MND_13.2_
eng.pdf. Published 2013.

5.	 Swaminathan G, Swaminathan A, Corsi DJ. Prevalence 
of gestational diabetes in India by individual 
socioeconomic, demographic, and clinical factors. 
JAMA Netw Open 2020;3(11):e2025074.



Biomarkers of Gestational Diabetes Mellitus

Journal of The Association of Physicians of India, Volume 73 Issue 2 (February 2025) 65

6.	 Bhavadharini B, Mahalakshmi MM, Anjana RM, et al. 
Prevalence of gestational diabetes mellitus in urban 
and rural Tamil Nadu using IADPSG and WHO 1999 
criteria (WINGS 6). Clin Diabetes Endocrinol 2016;2:8.

7.	 Seshiah V, Balaji V, Shah SN, et  al. Diagnosis of 
gestational diabetes mellitus in the community. 
 J Assoc Physicians India 2012;60:15–17.

8.	 Mantri N, Goel AD, Patel M, et al. National and regional 
prevalence of gestational diabetes mellitus in India: 
a systematic review and meta-analysis. BMC Public 
Health 2024;24(1):527.

9.	 Popova P, Tkachuk A, Dronova A, et  al. Fasting 
glycemia at the first prenatal visit and pregnancy 
outcomes in Russian women. Minerva Endocrinol 
2016;41(4):477–485.

10.	 Mahalakshmi MM, Bhavadharini B, Maheswari K, 
et  al. Comparison of maternal and fetal outcomes 
among Asian Indian pregnant women with or 
without gestational diabetes mellitus: a situational 
analysis study (WINGS-3). Indian J Endocrinol Metab 
2016;20(4):491–449.

11.	 Ye W, Luo C, Huang J, et  al. Gestational diabetes 
mellitus and adverse pregnancy outcomes: systematic 
review and meta-analysis. BMJ 2022;377:e067946.

12.	 HAPO Study Cooperative Research Group, Metzger BE, 
Lowe LP, et al. Hyperglycemia and adverse pregnancy 
outcomes. N Engl J Med 2008;358(19):1991–2002.

13.	 Bhavadharini B, Anjana RM, Mahalakshmi MM, et al. 
Glucose tolerance status of Asian Indian women with 
gestational diabetes at 6 weeks to 1 year postpartum 
(WINGS-7). Diabetes Res Clin Pract 2016;117:22–27.

14.	 Kc K, Shakya S, Zhang H. Gestational diabetes mellitus 
and macrosomia: a literature review. Ann Nutr Metab 
2015;66:14–20.

15.	 Shivashri C, Hannah W, Deepa M, et al. Prevalence of 
prediabetes and type 2 diabetes mellitus in south and 
southeast Asian women with history of gestational 
diabetes mellitus: systematic review and meta-
analysis. PLoS One 2024;19(5):e0304170.

16.	 Page KA, Luo S, Wang X, et al. Children exposed to 
maternal obesity or gestational diabetes mellitus 
during early fetal development have hypothalamic 
alterations that predict future weight gain. Diabetes 
Care 2019;42(8):1473–1480.

17.	 Lowe WL Jr,  Scholtens DM , Kuang A , et  al . 
Hyperglycemia and Adverse Pregnancy Outcome 
Follow-up Study (HAPO FUS): maternal gestational 
diabetes mellitus and childhood glucose metabolism. 
Diabetes Care 2019;42(3):372–380.

18.	 Simmons D, Immanuel J, Hague WM, et al. Treatment 
of gestational diabetes mellitus diagnosed early in 
pregnancy. N Engl J Med 2023;388(23):2132–2144.

19.	 Kayal A, Mohan V, Malanda B, et al. Women in India 
with Gestational Diabetes Mellitus Strategy (WINGS): 
methodology and development of model of care 
for gestational diabetes mellitus (WINGS 4). Indian J 
Endocrinol Metab 2016;20(5):707–715.

20.	 Mahalakshmi MM, Bhavadharini B, Maheswari K, et al. 
Current practices in the diagnosis and management 
of gestational diabetes mellitus in India (WINGS-5). 
Indian J Endocrinol Metab 2016;20(3):364–368.

21.	 Saravanan P, Deepa M, Ahmed Z, et al. Early pregnancy 
HbA1c as the first screening test for gestational 
diabetes: results from three prospective cohorts. 
Lancet Diabetes Endocrinol 2024;12(8):535–544.

22.	 Uma R, Bhavadharini B, Ranjani H, et al. Pregnancy 
outcome of gestational diabetes mellitus using a 
structured model of care: WINGS project (WINGS-10). 
J Obstet Gynaecol Res 2017;43(3):468–475.

23.	 Powe CE. Early pregnancy biochemical predictors 
of gestational diabetes mellitus. Curr Diab Rep 
2017;17(2):12.

24.	 Bogdanet D, Reddin C, Murphy D, et  al. Emerging 
protein biomarkers for the diagnosis or prediction 
of gestational diabetes-a scoping review. J Clin Med 
2021;10(7):1533.

25.	 International Association of Diabetes and Pregnancy 
Study Groups Consensus Panel, Metzger BE, Gabbe 
SG, et  al. International association of diabetes and 
pregnancy study groups recommendations on the 

diagnosis and classification of hyperglycemia in 
pregnancy. Diabetes Care 2010;33(3):676–682.

26.	 McIntyre HD, Sacks DA, Barbour LA, et al. Issues with 
the diagnosis and classification of hyperglycemia in 
early pregnancy. Diabetes Care 2016;39(1):53–54.

27.	 P l ow s J F,  St an l ey J L ,  B a ke r  PN ,  e t   a l .  T h e 
pathophysiology of gestational diabetes mellitus. 
Int J Mol Sci 2018;19(11):3342.

28.	 Yan B, Yu YX, Chen YL, et al. Assessment of the optimal 
cutoff value of fasting plasma glucose to establish 
diagnosis of gestational diabetes mellitus in Chinese 
women. Sci Rep 2019;9(1):15998.

29.	 Bhattacharya S, Nagendra L, Krishnamurthy A, 
et al. Early gestational diabetes mellitus: diagnostic 
strategies and clinical implications. Med Sci (Basel) 
2021;9(4):59.

30.	 Bidhendi Yarandi R, Vaismoradi M, Panahi MH, et al. 
Mild gestational diabetes and adverse pregnancy 
outcome: a systemic review and meta-analysis. Front 
Med (Lausanne) 2021;8:699412.

31.	 Mohan V, Mahalakshmi MM, Bhavadharini B, et  al. 
Comparison of screening for gestational diabetes 
mellitus by oral glucose tolerance tests done in 
the non-fasting (random) and fasting states. Acta 
Diabetol 2014;51(6):1007–1013.

32.	 Behboudi-Gandevani S, Amiri M, Bidhendi Yarandi 
R , et  al. The impact of diagnostic criteria for 
gestational diabetes on its prevalence: a systematic 
review and meta-analysis. Diabetol Metab Syndr 
2019;11:11.

33.	 Popova P, Castorino K, Grineva EN, et al. Gestational 
diabetes mellitus diagnosis and treatment goals: 
measurement and measures. Minerva Endocrinol 
2016.

34.	 Lachmann EH, Fox RA, Dennison RA, et  al. Barriers 
to completing oral glucose tolerance testing in 
women at risk of gestational diabetes. Diabet Med 
2020;37(9):1482–1489.

35.	 Mañé L, Navarro H, Pedro-Botet J, et al. Early HbA1c 
levels as a predictor of adverse obstetric outcomes: 
a systematic review and meta-analysis. J Clin Med 
2024;13(6):1732.

36.	 Thakur A, Agrawal S, Chakole S, et al. A critical review 
of diagnostic strategies and maternal offspring 
complications in gestational diabetes mellitus. Cureus 
2023;15(12):e51016.

37.	 Lai Y, Chen H, Du Z, et  al. The diagnostic accuracy 
of HbA1c in detecting gestational diabetes mellitus 
among Chinese pregnant individuals. Ann Transl Med 
2020;8(16):1014.

38.	 Thewjitcharoen Y, Jones Elizabeth A, Butadej S, 
et  al. Performance of HbA1c versus oral glucose 
tolerance test (OGTT) as a screening tool to diagnose 
dysglycemic status in high-risk Thai patients. BMC 
Endocr Disord 2019;19:23.

39.	 Unnikrishnan R, Mohan V. Challenges in estimation of 
glycated hemoglobin in India. Diabetes Technol Ther 
2013;15(10):897–899.

40.	 Pe te r s e n M C ,  Shu lm a n G I .  M e ch a n isms o f 
insulin action and insulin resistance. Physiol Rev 
2018;98(4):2133–2223.

41.	 Duo Y, Song S, Zhang Y, et  al. Predictability of 
HOMA-IR for gestational diabetes mellitus in early 
pregnancy based on different first trimester BMI 
values. J Pers Med 2022;13(1):60.

42.	 K a m p m a n n  U,  K n o r r  S ,  Fu g l s a n g  J ,  e t   a l . 
Determinants of maternal insulin resistance during 
pregnancy: an updated overview. J Diabetes Res 
2019;2019:5320156.

43.	 Lin J, Jin H, Chen L. Associations between insulin 
resistance and adverse pregnancy outcomes 
in women with gestational diabetes mellitus: a 
retrospective study. BMC Pregnancy Childbirth 
2021;21(1):526.

44.	 Leighton E, Sainsbury CA, Jones GC. A practical 
review of C-peptide testing in diabetes. Diabetes Ther 
2017;8(3):475–487.

45.	 Sonagra AD, Biradar SM, K D, et al. Normal pregnancy 
- a state of insulin resistance. J Clin Diagn Res 
2014;8(11):CC01.

46.	 Cerf ME. Beta cell dysfunction and insulin resistance. 
Front Endocrinol (Lausanne) 2013;4:37.

47.	 Skajaa GO, Fuglsang J, Knorr S, et al. Changes in insulin 
sensitivity and insulin secretion during pregnancy 
and post partum in women with gestational diabetes. 
BMJ Open Diabetes Res Care 2020;8(2):e001728.

48.	 Yildiz Atar H, Baatz JE, Ryan RM. Molecular mechanisms 
of maternal diabetes effects on fetal and neonatal 
surfactant. Children (Basel) 2021;8(4):281.

49.	 Tawfeek MA, Alfadhli EM, Alayoubi AM, et  al. Sex 
hormone binding globulin as a valuable biochemical 
marker in predicting gestational diabetes mellitus. 
BMC Womens Health 2017;17(1):18.

50.	 Li MY, Rawal S, Hinkle SN, et  al. Sex hormone-
binding globulin, cardiometabolic biomarkers, and 
gestational diabetes: a longitudinal study and meta-
analysis. Matern Fetal Med 2020;2(1):2–9.

51.	 Bartha JL, Comino-Delgado R, Romero-Carmona 
R ,  et   a l .  Se x hormone - binding globul in in 
gestational diabetes. Acta Obstet Gynecol Scand 
2000;79(10):839–845.

52.	 Hedderson MM, Xu F, Darbinian JA, et al. Prepregnancy 
SHBG concentrations and risk for subsequently 
developing gestational diabetes mellitus. Diabetes 
Care 2014;37(5):1296–1303.

53.	 Kumru P, Arisoy R, Erdogdu E, et  al. Prediction of 
gestational diabetes mellitus at first trimester in 
low-risk pregnancies. Taiwan J Obstet Gynecol 
2016;55(6):815–820.

54.	 Muniyappa R, Madan R, Varghese RT. Assessing Insulin 
Sensitivity and Resistance in Humans. [Updated 2021 
Aug 9]. In: Feingold KR, Anawalt B, Blackman MR, et al., 
editors. Endotext [Internet]. South Dartmouth (MA): 
MDText.com, Inc. 2000-. Available from: https://www.
ncbi.nlm.nih.gov/books/NBK278954/

55.	 Omazić J, Viljetić B, Ivić V, et  al. Early markers of 
gestational diabetes mellitus: what we know and which 
way forward? Biochem Med (Zagreb) 2021;31(3):30502.

56.	 Leitner M, Fragner L, Danner S, et  al. Combined 
metabolomic analysis of plasma and urine reveals 
AHBA, tryptophan and serotonin metabolism as 
potential risk factors in gestational diabetes mellitus 
(GDM). Front Mol Biosci 2017;4:84.

57.	 Badawy AA. Kynurenine pathway of tryptophan 
metabolism: regulatory and functional aspects. Int J 
Tryptophan Res 2017;10:1178646917691938.

58.	 Law KP, Han TL, Mao X, et  al. Tryptophan and 
purine metabolites are consistently upregulated 
in the urinary metabolome of patients diagnosed 
with gestational diabetes mellitus throughout 
pregnancy: a longitudinal metabolomics study of 
Chinese pregnant women part 2. Clin Chim Acta 
2017;468:126–139.

59.	 López-Hernández Y, Herrera-Van Oostdam AS, Toro-
Ortiz JC, et  al. Urinary metabolites altered during 
the third trimester in pregnancies complicated by 
gestational diabetes mellitus: relationship with 
potential upcoming metabolic disorders. Int J Mol 
Sci 2019;20(5):1186.

60.	 Lorenzo-Almorós A, Hang T, Peiró C, et al. Predictive 
and diagnostic biomarkers for gestational diabetes 
and its associated metabolic and cardiovascular 
diseases. Cardiovasc Diabetol 2019;18(1):140.

61.	 Ionescu RF, Enache RM, Cretoiu SM, et  al. Gut 
microbiome changes in gestational diabetes. Int J 
Mol Sci 2022;23(21):12839.

62.	 Hammad SM , Lop es-V ire l la MF.  Circulat ing 
sphingolipids in insulin resistance, diabetes 
and associated complications. Int J Mol Sci 
2023;24(18):14015.

63.	 Mustaniemi S, Keikkala E, Kajantie E, et  al. Serum 
ceramides in early pregnancy as predictors of 
gestational diabetes. Sci Rep 2023;13(1):13274.

64.	 Ng JL, Lim EM, Zhang R, et al. Serum 21-deoxycortisol 
for diagnosis of nonclassic congenital adrenal 
hyperplasia in women with androgen excess. J Clin 
Endocrinol Metab 2023;108(12):e1560–e1570.

65.	 Krishnaveni GV, Veena SR, Jones A, et  al. Exposure 
to maternal gestational diabetes is associated 
with higher cardiovascular responses to stress 



Biomarkers of Gestational Diabetes Mellitus

Journal of The Association of Physicians of India, Volume 73 Issue 2 (February 2025) 66

in adolescent Indians. J Clin Endocrinol Metab 
2015;100(3):986–993.

66.	 Gerszi D, Orosz G, Török M, et al. Risk estimation of 
gestational diabetes mellitus in the first trimester.  
J Clin Endocrinol Metab 2023;108(11):e1214.

67.	 Eberle C, Fasig T, Brüseke F, et  al . Impact of 
maternal prenatal stress by glucocorticoids on 
metabolic and cardiovascular outcomes in their 
offspring: a systematic scoping review. PLoS One 
2021;16(1):e0245386.

68.	 Pantham P, Aye IL, Powell TL. Inflammation in maternal 
obesity and gestational diabetes mellitus. Placenta 
2015;36(7):709–715.

69.	 Lawrence T. The nuclear factor NF-kappaB pathway 
in inflammation. Cold Spring Harb Perspect Biol 
2009;1(6):a001651.

70.	 Abell SK, De Courten B, Boyle JA, et al. Inflammatory 
and other biomarkers: role in pathophysiology and 
prediction of gestational diabetes mellitus. Int J Mol 
Sci 2015;16(6):13442–13473.

71.	 Sharma AK, Singh S, Singh H, et al. Deep insight of 
the pathophysiology of gestational diabetes mellitus. 
Cells 2022;11(17):2672.

72.	 Mouliou DS. C-reactive protein: pathophysiology, 
diagnosis, false test results and a novel diagnostic 
algorithm for clinicians. Diseases 2023;11(4):132.

73.	 Deepa R, Velmurugan K, Arvind K, et al. Serum levels 
of interleukin 6, C-reactive protein, vascular cell 
adhesion molecule 1, and monocyte chemotactic 
protein 1 in relation to insulin resistance and glucose 
intolerance–the Chennai Urban Rural Epidemiology 
Study (CURES). Metabolism 2006;55(9):1232–1238.

74.	 Musumeci A, McElwain CJ, Manna S, et al. Exposure 
to gestational diabetes mellitus increases subclinical 
inflammation mediated in part by obesity. Clin Exp 
Immunol 2024;216(3):280–292.

75.	 Ahmed B, Sultana R, Greene MW. Adipose tissue and 
insulin resistance in obese. Biomed Pharmacother 
2021;137:111315.

76.	 Picó C, Palou M, Pomar CA, et  al. Leptin as a key 
regulator of the adipose organ. Rev Endocr Metab 
Disord 2022;23(1):13–30.

77.	 Pérez-Pérez A, Vilariño-García T, Guadix P, et al. Leptin 
and nutrition in gestational diabetes. Nutrients 
2020;12(7):1970.

78.	 Paz-Filho G, Mastronardi C, Wong ML, et  al. Leptin 
therapy, insulin sensitivity, and glucose homeostasis. 
Indian J Endocrinol Metab 2012;16(Suppl 3):S549–S555.

79.	 Ylli D, Sidhu S, Parikh T, et al. Endocrine Changes in 
Obesity. [Updated 2022 Sep 6]. In: Feingold KR, Anawalt 
B, Blackman MR, et al., editors. Endotext [Internet]. 
South Dartmouth (MA): MDText.com, Inc. 2000.

80.	 D’souza AM, Neumann UH, Glavas MM, et  al. The 
glucoregulatory actions of leptin. Mol Metab 
2017;6(9):1052–1065.

81.	 Yang M, Zhang Z, Wang C, et  al. Nesfatin-1 action 
in the brain increases insulin sensitivity through 
Akt/AMPK/TORC2 pathway in diet-induced insulin 
resistance. Diabetes 2012;61(8):1959–1968.

82.	 Ruszała M, Pilszyk A, Niebrzydowska M, et al. Novel 
biomolecules in the pathogenesis of gestational 
diabetes mellitus 2.0. Int J Mol Sci 2022;23(8):4364.

83.	 Bertucci JI, Blanco AM, Unniappan S. Nesfatin-1 
regulates glucoregulatory genes in rainbow trout 
(Oncorhynchus mykiss). Comp Biochem Physiol A Mol 
Integr Physiol 2019;235:121–130.

84.	 Thirumoorthy C, Deepa M, Srikumar BN, et al. Altered 
levels of neurobiological biomarkers at the interface 
of depression and gestational diabetes mellitus in 
Asian Indian women. Neuropeptides 2022;93:102245.

85.	 Mierzyński R, Poniedziałek-Czajkowska E, Dłuski 
D, et  al. Nesfatin-1 and vaspin as potential novel 
biomarkers for the prediction and early diagnosis 
of gestational diabetes mellitus. Int J Mol Sci 
2019;20(1):159.

86.	 Huang K, Liang Y, Wang K, et al. Influence of circulating 
nesfatin-1, GSH and SOD on insulin secretion in 
the development of T2DM. Front Public Health 
2022;10:882686.

87.	 Damian-Buda AC, Matei DM, Ciobanu L, et  al. 
Nesfatin-1: a novel diagnostic and prognostic 

biomarker in digestive diseases. Biomedicines. 
2024;12(8):1913.

88.	 Nguyen TMD. Adiponectin: role in physiology and 
pathophysiology. Int J Prev Med 2020;11:136.

89.	 Pandey GK, Vadivel S, Raghavan S, et al. High molecular 
weight adiponectin reduces glucolipotoxicity-
induced inflammation and improves lipid metabolism 
and insulin sensitivity via APPL1-AMPK-GLUT4 
regulation in 3T3-L1 adipocytes. Atherosclerosis 
2019;288:67–75.

90.	 Moyce Gruber BL, Dolinsky VW. The role of adiponectin 
during pregnancy and gestational diabetes. Life 
(Basel) 2023;13(2):301.

91.	 Achari AE, Jain SK. Adiponectin, a therapeutic target 
for obesity, diabetes, and endothelial dysfunction. Int 
J Mol Sci 2017;18(6):1321.

92.	 Lee DH, Lim JA, Kim JH, et al. Longitudinal changes 
of high molecular weight adiponectin are associated 
with postpartum development of type 2 diabetes 
mellitus in patients with gestational diabetes mellitus. 
Endocrinol Metab (Seoul) 2021;36(1):114–122.

93.	 Saucedo R, Zarate A, Basurto L, et  al. Relationship 
bet ween circulating adipokines and insulin 
resistance during pregnancy and postpartum in 
women with gestational diabetes. Arch Med Res 
2011;42(4):318–323.

94.	 R e t n a k a r a n  R ,  H a n l e y  A J ,  R a i f  N ,  e t   a l . 
Hypoadiponectinaemia in South Asian women 
during pregnancy: evidence of ethnic variation 
in adip one c t in concentrat ion .  Diab et M e d 
2004;21(4):388–392.

95.	 Pheiffer C, Dias S, Jack B, et  al. Adiponectin as a 
potential biomarker for pregnancy disorders. Int J 
Mol Sci 2021;22(3):1326.

96.	 Kabbani N, Blüher M, Stepan H, et  al. Adipokines 
in pregnancy: a systematic review of clinical data. 
Biomedicines 2023;11(5):1419.

97.	 Ramachandrayya SA, D’Cunha P, Rebeiro C. Maternal 
circulating levels of Adipocytokines and insulin 
resistance as predictors of gestational diabetes mellitus: 
preliminary findings of a longitudinal descriptive study. 
J Diabetes Metab Disord 2020;19(2):1447–1452.

98.	 Bawah AT, Seini MM, Abaka-Yawason A, et al. Leptin, 
resistin and visfatin as useful predictors of gestational 
diabetes mellitus. Lipids Health Dis 2019;18(1):221.

99.	 Karami M, Mousavi SH, Rafiee M, et al. Biochemical 
and molecular biomarkers: unraveling their role in 
gestational diabetes mellitus. Diabetol Metab Syndr 
2023;15(1):5.

100.	Kimber-Trojnar Ż, Patro-Małysza J, Skórzyńska-
Dziduszko KE, et al. Ghrelin in serum and urine of post-
partum women with gestational diabetes mellitus. Int 
J Mol Sci 2018;19(10):3001.

101.	 A b d a l l a  M M I .  R o l e  o f  v i s f a t i n  i n  o b e s i t y -
induced insulin resistance. World J Clin Cases 
2022;10(30):10840–10851.

102.	Pan X, Kaminga AC, Wen SW, et  al. Omentin-1 in 
diabetes mellitus: a systematic review and meta-
analysis. PLoS One 2019;14(12):e0226292.

103.	Brink HS, van der Lely AJ, Delhanty PJD, et  al. 
Gestational diabetes mellitus and the ghrelin system. 
Diabetes Metab 2019;45(4):393–395.

104.	Gómez-Díaz RA, Gómez-Medina MP, Ramírez-Soriano 
E, et  al. Lower plasma ghrelin levels are found in 
women with diabetes-complicated pregnancies. J 
Clin Res Pediatr Endocrinol 2016;8(4):425–431.

105.	Gaweł S, Wardas M, Niedworok E, et  al. Dialdehyd 
m a l o n ow y (M DA) ja ko w sk a ź nik  p ro ce s ów 
peroksydacji lipidów w organizmie [Malondialdehyde 
(MDA) as a lipid peroxidation marker]. Wiad Lek 
2004;57(9-10):453–455.

106.	Grzeszczak K, Łanocha-Arendarczyk N, Malinowski 
W, et al. Oxidative stress in pregnancy. Biomolecules 
2023;13(12):1768.

107.	 Saucedo R, Ortega-Camarillo C, Ferreira-Hermosillo 
A, et al. Role of oxidative stress and inflammation in 
gestational diabetes mellitus. Antioxidants (Basel) 
2023;12(10):1812.

108.	Kim JA, Wei Y, Sowers JR. Role of mitochondrial 
d ys f unc t ion in insul in res is t ance.  Ci rc R es 
2008;102(4):401–414.

109.	Coughlan MT, Vervaart PP, Permezel M, et al. Altered 
placental oxidative stress status in gestational 
diabetes mellitus. Placenta 2004;25(1):78–84.

110.	 Lappas M, Hiden U, Desoye G, et  al. The role 
of oxidative stress in the pathophysiology of 
gestational diabetes mellitus. Antioxid Redox Signal 
2011;15(12):3061–3100.

111.	 Hadi HA, Suwaidi JA. Endothelial dysfunction 
in diabetes mellitus. Vasc Health Risk Manag 
2007;3(6):853–876.

112.	 Miller E, Morel A, Saso L, et  al. Isoprostanes and 
neuroprostanes as biomarkers of oxidative stress in 
neurodegenerative diseases. Oxid Med Cell Longev 
2014;2014:572491.

113.	 Ferreira CS, Pinto GDA, Reis DL, et  al. Placental 
F4-Neuroprostanes and F2-Isoprostanes are altered 
in gestational diabetes mellitus and maternal 
obesity. Prostaglandins Leukot Essent Fatty Acids 
2023;189:102529.

114.	 Chaemsaithong P, Luewan S, Taweevisit M, et  al. 
Placenta-derived extracellular vesicles in pregnancy 
complications and prospects on a liquid biopsy 
for Hemoglobin Bart ’s Disease. Int J Mol Sci 
2023;24(6):5658.

115.	 Tian S, Xu X, Yang X, et  al. Roles of follistatin-like 
protein 3 in human non-tumor pathophysiologies 
and cancers. Front Cell Dev Biol 2022;10:953551.

116.	 Founds SA, Ren D, Roberts JM, et al. Follistatin-like 3 
across gestation in preeclampsia and uncomplicated 
pregnancies among lean and obese women. Reprod 
Sci 2015;22(4):402–409.

117.	 Chau K, Hennessy A, Makris A. Placental growth 
fac tor and pre - eclampsia. J Hum Hyper tens 
2017;31(12):782–786.

118.	 McLaughlin K, Snelgrove JW, Audette MC, et al. PlGF 
(placental growth factor) testing in clinical practice: 
evidence from a Canadian Tertiary Maternity Referral 
Center. Hypertension 2021;77(6):2057–2065.

119.	 Wang CY, Su MT, Cheng HL, et  al. Fetuin-A inhibits 
placental cell growth and ciliogenesis in gestational 
diabetes mellitus. Int J Mol Sci 2019;20(20):5207.

120.	Köninger A, Enekwe A, Mach P, et al. Afamin: an early 
predictor of preeclampsia. Arch Gynecol Obstet 
2018;298(5):1009–1016.

121.	 Nakahara A, Nair S, Ormazabal V, et  al. Circulating 
p l a c e n t a l  e x t r a c e l l u l a r  v e s i c l e s  a n d t h e i r 
potential roles during pregnancy. Ochsner J 
2020;20(4):439–445.

122.	Yuan Y, He W, Fan X, et  al. Serum afamin levels 
in predicting gestational diabetes mellitus and 
preeclampsia: a systematic review and meta-analysis. 
Front Endocrinol (Lausanne) 2023;14:1157114.

123.	Wang WJ, Zhang L, Zheng T, et al. Fetuin-A and fetal 
growth in gestational diabetes mellitus. BMJ Open 
Diabetes Res Care 2020;8(1):e000864.

124.	Kansu-Celik H, Ozgu-Erdinc AS, Kisa B, et al. Prediction 
of gestational diabetes mellitus in the first trimester: 
comparison of maternal fetuin-A, N-terminal proatrial 
natriuretic peptide, high-sensitivity C-reactive 
protein, and fasting glucose levels. Arch Endocrinol 
Metab 2020;64(1):97.

125.	Vrachnis N, Argyridis S, Vrachnis D, et  al. Increased 
Fibroblast Growth Factor 21 (FGF21) concentration in 
early second trimester amniotic fluid and its association 
with fetal growth. Metabolites 2021;11(9):581.

126.	Halmos A, Rigó J Jr, Szijártó J, et al. Circulating ficolin-2 
and ficolin-3 in normal pregnancy and pre-eclampsia. 
Clin Exp Immunol 2012;169(1):49–56.

127.	 Suthon S, Tangjittipokin W. Mechanisms and 
physiological roles of polymorphisms in gestational 
diabetes mellitus. Int J Mol Sci 2024;25(4):2039.

128.	Pagán A, Sabater-Molina M, Olza J, et  al. A gene 
variant in the transcription factor 7-like 2(TCF7L2) 
is associated with an increased risk of gestational 
diabetes mellitus. Eur J Obstet Gynecol Reprod Biol 
2014;180:77–82.

129.	 Corrales P, Vidal-Puig A, Medina-Gómez G. PPARs 
and metabolic disorders associated with challenged 
adipose tissue plasticity. Int J Mol Sci 2018;19(7):2124.

130.	Zhang Y, Sun CM, Hu XQ, et al. Relationship between 
melatonin receptor 1B and insulin receptor substrate 



Biomarkers of Gestational Diabetes Mellitus

Journal of The Association of Physicians of India, Volume 73 Issue 2 (February 2025) 67

1 polymorphisms with gestational diabetes mellitus: 
a systematic review and meta-analysis. Sci Rep 
2014;4:6113.

131.	 Kanthimathi S, Chidambaram M, Liju S, et  al. 
Identification of genetic variants of gestational 
diabetes in South Indians. Diabetes Technol Ther 
2015;17(7):462–467.

132.	Kanthimathi S, Liju S, Laasya D, et  al. Hexokinase 
Domain Containing 1 (HKDC1) gene variants and 
their association with gestational diabetes mellitus 
in a South Indian Population. Ann Hum Genet 
2016;80(4):241–245.

133.	Kanthimathi S, Chidambaram M, Bodhini D, 
et  al. Association of recently identif ied type 2 
diabetes gene variants with gestational diabetes 
in Asian Indian population. Mol Genet Genomics 
2017;292(3):585–591.

134.	Popova PV, Klyushina AA, Vasilyeva LB, et al. Effect 
of gene-lifestyle interaction on gestational diabetes 
risk. Oncotarget 2017;8(67):112024–112035.

135.	Pervjakova N, Moen GH, Borges, et al. Multi-ancestry 
genome-wide association study of gestational 
diabetes mellitus highlights genetic links with type 
2 diabetes. Hum Mol Genet 2022;31:3377–3391.

136.	Zhen J, Gu Y, Wang P, et al. Genome-wide association 
and Mendelian randomisation analysis among 30,699 
Chinese pregnant women identifies novel genetic 
and molecular risk factors for gestational diabetes and 
glycaemic traits. Diabetologia 2024;67(4):703–713.

137.	 Klimczak S, Śliwińska A. Epigenetic regulation of 
inflammation in insulin resistance. Semin Cell Dev 
Biol 2024;154(Pt C):185–192.

138.	Ustianowski Ł, Udzik J, Szostak J, et al. Genetic and 
epigenetic factors in gestational diabetes mellitus 
pathology. Int J Mol Sci 2023;24(23):16619.

139.	 Popova PV,Vasilyeva L, Tkachuck A, et al. Randomised, 
controlled study of different glycaemic targets during 
gestational diabetes treatment: effect on the level of 
adipokines in cord blood and ANGPTL4 expression 
in human umbilical vein endothelial cells. Int J 
Endocrinol 2018;2018:6481658.

140.	Popova PV,Vasileva LB, Tkachuk AS, et al. Association 
of tribbles homologue 1 gene expression in human 
umbilical vein endothelial cells with duration of 
intrauterine exposure to hyperglycaemia. Genet Res 
(Camb) 2018;100:e3.

141.	 Linares-Pineda T, Peña-Montero N, Fragoso-Bargas 
N, et al. Epigenetic marks associated with gestational 
diabetes mellitus across two time points during 
pregnancy. Clin Epigenetics 2023;15(1):110.

142.	Gokulakrishnan K, Thirumoorthy C, Deepa M. et  al 
(2024). First-trimester DNA Methylome Profiling 
Identifies Novel Predictors of Gestational Diabetes 
Mellitus in Indian Women. Abstract: 60th Annual 
Meeting of the European Association for the Study of 
Diabetes (EASD), 9th to 13th September 2024 Madrid, 
Spain.

143.	Lehnen H, Zechner U, Haaf T. Epigenetics of 
gestational diabetes mellitus and offspring health: 

the time for action is in early stages of life. Mol Hum 
Reprod 2013;19(7):415–422.

144.	Liu ZN, Jiang Y, Liu XQ, et al. MiRNAs in gestational 
diabetes mellitus: potential mechanisms and clinical 
applications. J Diabetes Res 2021;2021:4632745.

145.	Elhag DA, Al Khodor S. Exploring the potential 
of microRNA as a diagnostic tool for gestational 
diabetes. J Transl Med 2023;21(1):392.

146.	Tang N, Liu Y, Yang S, et  al. Correlation between 
newborn weight and serum BCAAs in pregnant 
women with diabetes. Nutr Diabetes 2024;14:38.

147.	 Zhang Z, Zhou Z, Li H. The role of lipid dysregulation 
in gestational diabetes mellitus: early prediction 
and postpartum prognosis. J Diabetes Investig 
2024;15(1):15–25.

148.	Alesi S, Ghelani D, Rassie K, et  al. Metabolomic 
biomarkers in gestational diabetes mellitus: a review 
of the evidence. Int J Mol Sci 2021;22(11):5512.

149.	Roverso M, Brioschi M, Banfi C, et al. A preliminary 
study on human placental tissue impaired by 
gestational diabetes: a comparison of gel-based 
versus gel-free proteomics approaches. Eur J Mass 
Spectrom 2016;22:71–82.

150.	Assi E, D’Addio F, Mandò C, et al. Placental proteome 
abnormalities in women with gestational diabetes 
and large-for-gestational-age newborns. BMJ Open 
Diabetes Res Care 2020;8(2):e001586.

151.	 Dungan KM. 1,5-anhydroglucitol (GlycoMark) as a 
marker of short-term glycemic control and glycemic 
excursions. Expert Rev Mol Diagn 2008;8(1):9–19.

152.	Pramodkumar TA, Jayashri R, Gokulakrishnan K, 
et  al. Relationship of glycemic control markers - 
1,5 anhydroglucitol, fructosamine, and glycated 
hemoglobin among Asian Indians with different 
degrees of glucose intolerance. Indian J Endocrinol 
Metab 2016;20(5):690–695.

153.	Dworacka M, Wender-Ozegowska E, Winiarska H, et al. 
Plasma anhydro-D-glucitol (1,5-AG) as an indicator of 
hyperglycaemic excursions in pregnant women with 
diabetes. Diabet Med 2006;23(2):171–175.

154.	Pramodkumar TA, Jayashri R, Gokulakrishnan K, 
et  al. 1,5 Anhydroglucitol in gestational diabetes 
mellitus. J Diabetes Complications 2019;33(3): 
231–235.

155.	 Gounden V, Ngu M, Anastasopoulou C, et  al. 
Fructosamine. In: StatPearls. Treasure Island (FL): 
StatPearls Publishing; August 14, 2023.

156.	 Gingras V, Rifas-Shiman SL, Switkowski KM, et al. Mid-
pregnancy fructosamine measurement-predictive 
value for gestational diabetes and association 
with postpartum glycemic indices. Nutrients 
2018;10(12):2003.

157.	 Crusell MKW, Hansen TH, Nielsen T, et al. Gestational 
diabetes is associated with change in the gut 
microbiota composition in third trimester of 
pregnancy and postpartum Microbiome 2018;6:89.

158.	Wang J, Zheng J, Shi W, et al. Dysbiosis of maternal 
and neonatal microbiota associated with gestational 
diabetes mellitus. Gut 2018;67:1614–1625.

159.	 Pinto Y, Frishman S, Turjeman S, et  al. Gestational 
diabetes is driven by microbiota-induced inflammation 
months before diagnosis. Gut 2023;72(5):918–928.

160.	Amraei M, Mohamadpour S, Sayehmiri K, et  al. 
Effects of vitamin D deficiency on incidence risk of 
gestational diabetes mellitus: a systematic review and 
meta-analysis. Front Endocrinol (Lausanne) 2018;9:7.

161.	 Tkachuk AS, Vasukova EA, Anopova AD, et al. Vitamin 
D status and gestational diabetes in Russian pregnant 
women in the period between 2012 and 2021: a 
nested case–control study. Nutrients 2022;14:2157.

162.	Griew K , Nunn R , Fairbrother G , et  al .  Ear ly 
pregnancy vitamin D deficiency and gestational 
diabetes: exploring the link. Aust J Gen Pract 
2019;48:797–802.

163.	Corcoy R, Mendoza LC, Simmons D, et al. The DALI 
vitamin D randomized controlled trial for gestational 
diabetes mellitus prevention: no major benefit 
shown besides vitamin D sufficiency. Clin Nutr 
2020;39(3):976–984.

164.	Huhn EA, Hoffmann I, Martinez De Tejada B, et  al. 
Maternal serum glycosylated fibronectin as a short-
term predictor of preeclampsia: a prospective cohort 
study. BMC Pregnancy Childbirth 2020;20(1):128.

165.	Bonakdaran S, Azami G, Tara F, et  al. Soluble (Pro) 
renin receptor is a predictor of gestational diabetes 
mellitus. Curr Diabetes Rev 2017;13(6):555–559.

166.	Gokulakrishnan K, Maheswari K, Mahalakshmi MM, 
et  al. Association of soluble (Pro) renin receptor 
with gestational diabetes mellitus. Endocr Pract 
2015;21(1):7–13.

167.	 Kataria Y, Wu Y, Horskjær PH, et  al. Iron status and 
gestational diabetes-a meta-analysis. Nutrients 
2018;10(5):621.

168.	Horie I, Haraguchi A, Ito A, et al. Impaired early-phase 
suppression of glucagon secretion after glucose 
load is associated with insulin requirement during 
pregnancy in gestational diabetes. J Diabetes Investig 
2020;11(1):232–240.

169.	Karasek D, Krystynik O, Kucerova V, et al. Adiponectin, 
A-FABP and FGF-19 levels in women with early diagnosed 
gestational diabetes. J Clin Med 2022;11(9):2417.

170.	 Yang MN, Zhang L, Wang WJ, et  al. Prediction of 
gestational diabetes mellitus by multiple biomarkers at 
early gestation. BMC Pregnancy Childbirth 2024;24(1):601.

171.	 Hannah W, Pradeepa R, Anjana RM, et  al. Early 
gestational diabetes mellitus: an update. J Assoc 
Physicians India 2023;71(9):101–103.

172.	Mohan V, Hannah W, Anjana RM. Early gestational 
diabetes mellitus: an update about its current status. 
Int J Diabetes Dev Ctries 2024;44(Suppl 1):22–26.
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