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Progress and indication for use
of continuous glucose
monitoring in patients with
diabetes in pregnancy: a review

Yu Song †, Xiaodan Zhai †, Yu Bai, Cong Liu and Le Zhang*

Department of Endocrinology, Shengjing Hospital of China Medical University, Shenyang,
Liaoning, China
Gestational diabetes mellitus is one of the most common endocrine diseases

that occur during pregnancy. Disorders of blood glucose metabolism during

pregnancy can increase the risk of adverse pregnancy outcomes, such as

pregnancy-related hypertension, preeclampsia, eclampsia, miscarriage,

macrosomia, and neonatal hypoglycemia. Continuous glucose monitoring

(CGM) can safely and effectively monitor blood glucose changes in patients

with gestational hyperglycemia, thereby reducing adverse pregnancy outcomes.

Hence, this article aimed to provide a comprehensive review of the progress and

indications for using CGM in pregnant patients with diabetes. CGM can reduce

blood glucose fluctuations and the occurrence of serious hypoglycemia and

hyperglycemia events and can provide time in range (TIR). TIR is an important

indicator of blood glucose level. Patients with a higher TIR during pregnancy

have better gestational outcomes.

KEYWORDS

gestational diabetes, continuous glucose monitoring, CGM, pregnancy outcome,
perinatal outcome
1 Introduction

Diabetes is a common clinical complication of pregnancy, including gestational

diabetes mellitus (GDM) and preexisting diabetes. Among these, GDM is the

predominant type, accounting for 80–90% of pregnancies with hyperglycemia.

According to the International Association of Diabetes and Pregnancy Study Groups
Abbreviations: ADA, American Diabetes Association; AGP, ambulatory glucose profile; CGM, continuous

glucose monitoring; GA, glycosylated albumin; GDM, gestational diabetes mellitus; GV, glycemic variability;

HbA1C, hemoglobin A1c; IADPSG, International Association of Diabetes and Pregnancy Study Groups; IGT,

impaired glucose tolerance; is-CGM, intermittently scanned continuous glucose monitoring; LGA, large-for-

gestational-age; OGTT, oral glucose tolerance test; rt-CGM, real time continuous glucose monitoring; SMBG,

self-monitoring of blood glucose; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; TAR, time

above average; TBR, time below average; TIR, time in range.
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(IADPSG), the global incidence of GDM is estimated to be 17.8%

(1). Recent studies have shown that maternal pre-pregnancy body

mass index is a potential modifiable risk factor for GDM. Moreover,

this study showed that the incidence of GDM increased significantly

with age. For women under 35 years of age, the prevalence of GDM

is 16.4% in normal-weight, 23.0% in overweight, and 38.5% in obese

women. For women over 35 years of age, the prevalence of GDM is

20.4%, 37.2%, and 51.4%, respectively (2).

With economic development and improvement in living

standards, the prevalence of GDM has increased over the years

(3), leading to increased adverse pregnancy outcomes in mothers

and their offspring. For mothers, the incidences of dystocia,

miscarriage, and eclampsia has increased (4). In the long term,

the risk of type 2 diabetes mellitus (T2DM) in women with a history

of GDM is nearly 10 times higher than that in women with normal

blood glucose during pregnancy (5). The risks of macrosomia,

neonatal hypoglycemia, hyperbilirubinemia, and neonatal

respiratory distress syndrome are significantly increased in the

offspring of women with GDM (4). A prospective study in 10–14-

year-old children showed that the offspring of mothers with

untreated GDM are at a high risk of impaired glucose tolerance

(IGT). Among mothers with GDM, 10.6% of the children had IGT,

whereas only 5.0% of the children of mothers without GDM had

IGT. GDM is independently associated with children’s IGT (6).

Therefore, monitoring and maintaining normal blood glucose levels

during pregnancy is essential.

Currently, the commonly used clinical blood glucose

monitoring methods include self-monitoring of blood glucose

(SMBG), continuous glucose monitoring (CGM), hemoglobin

A1c (HbA1c), and glycosylated albumin (GA). Many studies have

recently shown that CGM is beneficial and widely used for the

clinical treatment of patients with gestational diabetes. CGM can be

real-time (rt-CGM) and intermittently scanned (is-CGM). It can

continuously monitor glucose levels in subcutaneous tissue fluids

and automatically record blood glucose levels at regular intervals to

reflect blood glucose fluctuations accurately. CGM is employed for

patients with diabetes during pregnancy, offering a more effective

management approach in clinical settings. It enables clinicians to

make better treatment selections and adjustments for patients,

leading to optimal blood glucose control and improved pregnancy

outcomes. This article reviews the use of CGM in pregnant women

with diabetes.
2 Classification of pregnancy
hyperglycemia

According to the American Diabetes Association (ADA)

guidelines for 2023, pregnancy with hyperglycemia is categorized

as GDM and preexisting diabetes (7).

GDM refers to a mild abnormality in glucose metabolism

during pregnancy; however, the blood glucose level does not

reach that of overt diabetes. During pregnancy, an increase in

progesterone, cortisol, prolactin, and human placental hormone

levels leads to the gradual aggravation of insulin resistance. Patients
Frontiers in Endocrinology 026
with GDM lack sufficient insulin production to combat the

aggravation of insulin resistance, which leads to hyperglycemia.

According to the diagnostic cut-off point established by IADPSG,

GDM diagnostic criteria are: 75-g oral glucose tolerance test

(OGTT) at any time during pregnancy, fasting blood glucose ≥

5.1 mmol/L, 1-h OGTT blood glucose ≥ 10.0 mmol/L, and 2-h

OGTT blood glucose ≥ 8.5 mmol/L. GDM can be diagnosed if one

of the above mentioned blood glucose levels reaches the standard

(8–10).

Pre-existing diabetes in pregnancy includes type 1 diabetes

(T1DM), T2DM, or a special type of diabetes diagnosed before

pregnancy, which is associated with the most severe hyperglycemia

during pregnancy (8, 9). Pregnant women with T1DM have a

higher risk of hypoglycemia and diabetic ketoacidosis than those

with T2DM.The risk of hypertension and other comorbidities may

be as high or higher in patients with T2DM than in those with

T1DM (7).
3 Blood glucose monitoring
of gestational diabetes

3.1 Hemoglobin A1c and glycosylated
albumin

HbA1c reflects the average blood glucose level in the last 2–3

months (11). During pregnancy, red blood cell renewal is

physiologically accelerated and the demand for iron increases

exponentially (12), leading to a physiological decrease in HbA1c

(13). In addition, increased vitamin C intake during pregnancy

reduces HbA1c levels (14). Therefore, evaluating blood glucose

control in patients with GDM using HbA1c levels is not accurate, as

it can only serve as a supplementary reference for SMBG. Although

several observational studies have shown that the level of HbA1c

before pregnancy is associated with adverse pregnancy outcomes,

such as fetal congenital malformation, premature delivery,

preeclampsia, and perinatal death (15–17), the association

between HbA1c level during the second trimester and adverse

pregnancy outcomes has not been demonstrated (18, 19).

GA represents the blood glucose level within 2–3 weeks (20). An

increase in GA levels can be observed in GDM (21), and GA can be

used as a supplementary test for GDM diagnosis and blood glucose

control monitoring (22). However, with increasing gestational age,

GA continues to decrease, and the detection of GA has limited value

in diagnosing gestational diabetes and predicting adverse pregnancy

outcomes (23).
3.2 Self blood glucose monitoring

SMBG includes daily self-monitoring of fasting and

postprandial blood glucose levels. The target values recommended

by the ADA are as follows: fasting blood glucose < 5.3 mmol/L, 1-h

postprandial blood glucose < 7.8 mmol/L, or 2-h postprandial blood

glucose < 6.7 mmol/L (7). However, owing to multiple
frontiersin.org
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measurements of SMBG during pregnancy, long-term compliance

is poor (24); hence, the fluctuation of blood glucose levels and the

time spent within the target range cannot be readily displayed or

interpreted. Errors often occur during clinical treatment processes,

and new indicators are urgently needed.
3.3 Continuous glucose monitoring

CGM is an effective means of evaluating the fluctuation range of

daytime and nighttime blood glucose levels in patients with

diabetes. In the past decade, CGM has been proven to exhibit

similar accuracy to that of SMBG (25) and can provide better

treatment optimization, as well as indicate the trend of blood

glucose, owing to its high test frequency (26). CGM can

comprehensively analyze the patients’ blood glucose changes and

provide information to patients and clinicians more intuitively by

presenting an ambulatory glucose profile (AGP) and trend arrows.

More importantly, CGM can also provide an alarm to help avoid

serious hypoglycemic and hyperglycemic crises. CGM can improve

the mental health and quality of life of patients by reducing the pain

associated with fingertip blood sampling, thus improving

compliance (27, 28). With its wide adoption in clinical practice,

CGM can improve HbA1c and reduce glucose variability in patients

with T1DM (29) and is more suitable for treatment monitoring

than the use of SMBG in patients with T2DM (30). CGM is also

widely used in patients with preexisting T1DM and T2DM during

pregnancy and can improve gestational outcomes (31). Among

women with GDM, CGM can provide a more comprehensive

assessment of nocturnal hyperglycemia and improve the targeting

of GDM interventions (32). CGM is also better than SMBG in

detecting hypoglycemic episodes, which may improve maternal and

fetal outcomes (26). Moreover, patient compliance is higher in

CGM than in SMBG. In a prospective study, patient compliance in

the CGM group was as high as 90%, which was significantly higher

than that in the SMBG group (14). Therefore, CGM is

recommended for patients with preexisting diabetes in pregnancy

(especially T1DM complicated with pregnancy), GDM requiring

insulin treatment, large blood glucose fluctuation, and potential

nighttime hypoglycemia (33, 34).

In addition, a recent prospective cohort study of 73 women showed

that CGM was well accepted among patients, could better demonstrate

the blood glucose control of patients with GDM, and revealed the

potential misdiagnosis of OGTT in GDM (35).Another pilot study

conducted by the same team, involving 107 women, further validated

the potential of CGM in detecting OGTT misdiagnosis. Additionally,

CGM was more acceptable than OGTT to the participants (36).
4 Classification of CGM

4.1 Real-time continuous
glucose monitoring

The rt-CGM system can provide a comprehensive glucose

status for 3–14 days based on different needs. The device
Frontiers in Endocrinology 037
comprises a glucose-sensing device based on tiny glucose oxidase-

filled electrodes and a glucose monitor connected by a cable. The

system measures glucose concentration in the interstitial fluid every

5 min, continuously monitors glucose level for 24 h, and then forms

an AGP. Rt-CGM has been extensively studied in patients with

diabetes, and its clinical practicality has been demonstrated. It can

detect postprandial hyperglycemia, nocturnal hyperglycemia, and

hypoglycemia, which have not been previously reported. Rt-CGM

displays not only glucose data in real time but also uses “arrows” to

indicate the direction and rate of glucose changes, providing high

and low blood glucose alarms and warnings. It can also provide data

synchronization to enable timely intervention by the doctors and

patients, thereby reducing the occurrence of serious hypoglycemia

and hyperglycemia events (37–39). Moreover, CGM can improve

the accuracy and effectiveness of clinical decision-making in

patients with preexisting diabetes during pregnancy (40);

however, the current rt-CGM system partially relies on SMBG

for calibration.
4.2 Intermittently scanned continuous
glucose monitoring

The current is-CGM system, also known as the instant glucose

monitoring system, tracks glucose concentration in the human

interstitial fluid approximately once every minute and requires

scanning near the sensor placed on the skin to retrieve the data.

Flash glucose monitoring is a typical example of is-CGM, which was

identified by ADA in 2019 as a method that can replace SMBG for

blood glucose monitoring (4). When the user scans the sensor, the

current blood glucose value is recorded and retrospective reports for

blood glucose data and related parameters, such as time in range

(TIR), are generated (41). The is-CGM can be used for up to 14 days

and does not need calibration with SMBG; however, it cannot

deliver alerts (42).

Some studies have compared the two types of CGM and found

that both is-CGM and rt-CGM can improve TIR, while rt-CGM has

a greater percentage of TIR and can significantly reduce the

incidence of hypoglycemia (43). When switching from is-CGM

(FreeStyle Libre version 1) to rt-CGM (Dexcom G4) in 18 adult

patients with T1DM, without changing insulin therapy

management, there was an increase in TIR, a decrease in time

below average (TBR), and no change in time above average (TAR)

(44). Another study showed that in pregnant women with T1DM,

no differences in TIR and TAR were observed, but women

monitored by rt-CGM had a lower TBR compared to those

monitored by is-CGM (45). Therefore, rt-CGM is more suitable

for reducing the occurrence of hypoglycemia.
5 CGM indicators

In clinical practice, patients are recommended to wear CGM for

14 days. For patients with T1DM, 12–15 days of monitoring every 3

months can more accurately assess the level of blood glucose control

(46, 47).
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The CGM measurement value includes three key indicators:

TIR (the proportion of time when the blood glucose is 3.9–10.0

mmol/L), TBR (proportion of time when blood glucose is <3.9

mmol/L), and TAR (proportion of time when blood glucose is>10.0

mmol/L). The main objective of effective and safe glucose control is

to increase the TIR while reducing the TAR and TBR (48). Beck

et al. found that in patients with diabetes mellitus, the probability of

developing diabetic retinopathy and microalbuminuria increased by

64% and 40%, respectively, for every 10% reduction in TIR (49, 50).

A study conducted among 141 pregnant women showed that

among those with T2DM or GDM who utilized CGM,

approximately 40% had TIR ≤ 70% and a higher likelihood of

adverse neonatal and maternal outcomes compared to those with

TIR > 70% (51). Murphy et al. pointed out that every 5% reduction

in TIR and 5% increase in TAR in the second and third trimesters

will increase the risk of being older than the gestational age,

neonatal hypoglycemia, and admission to the neonatal intensive

care unit (52). Therefore, it is necessary to improve the TIR levels in

patients. In 2019, the TIR International Consensus recommended a

TIR control target of >70% in pregnant women with T1DM.

However, TIR control targets should be personalized. Patients

with GDM and pregnant women with T2DM require more

stringent targets and greater attention to overnight glucose (53).

In addition, common indicators of CGM include glucose

management indicators, also called estimating A1C (54), blood

glucose change rate [CV, target ≤ 36% (55)], and glycemic

variability (GV). Patients with GDM risk factors have higher CV,

and the corresponding incidence of adverse pregnancy outcomes is

higher (56). GV in early pregnancy can be used as a potential

predictor of subsequent GDM diagnosis. The mean amplitude of

glycemic excursion, which is derived from GV, was significantly

higher in patients with GDM (57).

6 CGM can better control
blood glucose and improve
pregnancy outcomes

Gestational diabetes increases the risk of pregnancy-related

complications, such as hypertension, preeclampsia, eclampsia,

premature rupture of membranes, cesarean section, postpartum

hemorrhage, and intrauterine infection (58). Therefore, the

management of blood glucose levels during pregnancy is very

important for reducing adverse pregnancy outcomes. As shown in

Table 1, many studies have reported that CGM can reduce adverse

pregnancy outcomes. CGM provides patients with intuitive

information on changes in blood glucose levels, enabling them to

change their lifestyle and participate in treatment (59). Currently,

CGM is being increasingly used in patients with gestational diabetes.

In a prospective study in Australia, 68 consecutive blood

glucose monitoring examinations were conducted in 55 pregnant

women. Sixty-two percent of the results provided important

information for altering clinical management decisions, including

postprandial and nocturnal hypoglycemia, and 77% of the

participants acknowledged that CGM provided more benefits
Frontiers in Endocrinology 048
than inconvenience (60). CGM is a practical clinical tool with

good compliance and is helpful in clinical decision-making.

The use of CGM is more suitable for the control of blood

glucose levels, reduction of blood glucose fluctuations, and

improvement of TIR in mothers with preexisting diabetes during

pregnancy. Patients with T1DM have a high risk of developing

severe hypoglycemia, which can have serious adverse effects on both

the mother and fetus during pregnancy. Using CGM allows

detection of glycemia fluctuations that might have gone

unnoticed with intermittent blood glucose monitoring (61). An

international study titled the CONCEPTT divided 325 women with

T1DM into two groups. Only capillary blood glucose levels were

monitored in one group, and CGM-assisted capillary blood glucose

levels were monitored for the other group. Pregnant women who

underwent CGM had a higher TIR and lower TAR and TBR. This

report suggests that CGM should be administered to all pregnant

women with T1DM receiving intensive insulin therapy (62).

Viralnshah et al. conducted a prospective study and collected

CGM data from 27 women with T1DM during pregnancy and

found that TIR was significantly negatively correlated with HbA1c.

For every 10% increase in TIR, HbA1c decreased by 0.3%, and the

correlation between TIR and HbA1c in the second and third

trimesters was stronger than that in the first trimester (r = -0.4)

(63). Therefore, we assumed that CGM is suitable for pregnant

women with T1DM, as it can help control blood glucose better.

A prospective study including 300 patients with gestational

hyperglycemia found that CGM could reduce the incidence of

gestational hypertension and preeclampsia in patients with T1DM

and improve the level of HbA1c (64). However, although CGM can

reduce the incidence of hypertensive disorders that complicate

pregnancy in patients with diabetes, it does not significantly

reduce the incidence of preeclampsia; the impact of CGM on

preeclampsia remains to be discussed (65). Therefore, more

robust evidence is required to confirm the effectiveness of CGM

in improving pregnancy outcomes.

Although the blood glucose level in patients with GDM is much

lower than that in patients with preexisting diabetes during

pregnancy, its adverse effects on the future of the mother and

fetus should not be underestimated. A follow-up study in Asia

showed that women with a history of GDM had a high risk of

developing T2DM in the future, and this risk increased with

age (66).

Garcıá-Moreno et al. searched and screened a large number of

studies and conducted a meta-analysis of 482 patients. Compared to

women using traditional blood glucose monitoring methods,

women with GDM using CGM may have lower average blood

glucose levels, lower maternal weight gain, and lower birth weight of

infants (67).

Majewska et al. recruited 100 women diagnosed with GDM and

randomly assigned them to is-CGM and SMBG groups. The

average blood glucose and total insulin resistance levels were

determined. The average blood glucose was more stable and total

insulin resistance was higher in the group using CGM, which may

help to improve and treat glucose tolerance disorder during

pregnancy (68).
frontiersin.org

https://doi.org/10.3389/fendo.2023.1218602
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Song et al. 10.3389/fendo.2023.1218602
One study found that the application of the CGM system can

reduce the daily blood glucose fluctuation of patients with GDM by

more than 25%, and the valley value of hyperglycemia can be

significantly reduced (69, 70). This shows that CGM can better

control blood glucose fluctuations and avoid excessive increases in

blood glucose levels in patients with GDM. Compared to SMBG,

CGM can reduce the average blood glucose level, increase the

amplitude of maternal and infant birth weights, and improve

pregnancy outcomes (68).

A randomized crossover study aimed to determine how the

distribution of dietary carbohydrates affects blood glucose levels in

women with GDM. CGM was used to monitor the blood glucose

levels of 12 women with GDM undergoing diet treatment. The

study concluded that “50% carbohydrate distribution in the

morning is beneficial for reducing blood glucose and improving

insulin sensitivity of women with GDM; however, it resulted in

higher blood glucose variability.” Thus, women with GDM should

reasonably manage their diet (71).
7 CGM improves perinatal outcomes

In patients with gestational diabetes, blood glucose level

increases, leading to excessive glucose passing through the

placenta and stimulating the pancreatic islets. This stimulation

causes the fetus to produce excess insulin, resulting in increased

synthesis of protein and fat in the fetus, consequently resulting in

the development of a large baby (72). In addition, owing to excessive

insulin production, hypoglycemia can occur easily when the fetus

separates from the mother during childbirth. If glucose is not

supplemented in time, the incidence of hypoglycemia increases.

Both hyperglycemia and hyperinsulinemia can reduce the surface-

active substance of fetal lung type II cells, hindering the growth of

the fetal lung and affecting its normal development. This condition

can lead to neonatal respiratory distress syndrome (73). Poor blood

glucose control during pregnancy can result in adverse perinatal

outcomes. As shown in Table 1, several studies have reported that

CGM reduces adverse perinatal outcomes.

In a prospective study, CGM was used to monitor blood glucose

changes in 77 patients with GDM at 26–32 weeks of gestation for

6days. The pattern of hyperglycemia before, after, and at night and

its correlation with maternal and fetal complications and drug

treatment were analyzed. TAR was related to the occurrence of

macrosomia and large-for-gestational-age (LGA) infants. Every 1%

increase in TAR increased the probability of requiring drug

treatment by 24%. Using CGM to monitor blood glucose changes

in patients with GDM enables identification of patients who require

drug treatment at an early stage. This proactive approach can help

reduce the incidence of adverse pregnancy outcomes, such as

macrosomia (74).

LGA infants are referred as newborns whose birth weight is

above the 90th percentile of the average weight of infants at the

same gestational age, which is closely related to the increase in

maternal blood glucose. Long-term glucose metabolic dysfunction
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may increase the risk of macrosomia (75). A prospective

observational study was conducted using CGM in 162 pregnant

women with GDM for 7 days at 30–32 weeks of gestation. Using the

blood glucose index and blood glucose variability measurements

provided by CGM, functional data analysis showed that mothers

who delivered LGA infants had significantly higher blood glucose

levels at night. Monitoring and controlling nocturnal blood glucose

levels may help further reduce the incidence rate of LGA infants in

women with GDM (76).

The CONCEPTT study pointed out that compared with SMBG,

patients who underwent CGM had significantly improved newborn

health outcomes, including a reduced incidence of LGA infants,

fewer neonatal intensive care inpatients lasting more than 24 h, a

decreased occurrence of neonatal hypoglycemia, and a shortened

hospitalization period by one day (62). The use of CGM during

pregnancy in patients with T1DM is related to an improvement in

neonatal outcomes, which may be attributed to a reduction in

maternal hyperglycemia exposure.

Murphy et al. studied the effects of CGM on the offspring of

pregnant women with T1DM (46 women) or T2DM (25 women).

These women were randomly assigned to the CGM and standard

prenatal treatment group (CGM+SMBG, 38 women) or the

standard prenatal treatment group (SMBG, 33 women). Women

in the CGM group, as measured by the median percentile of birth

weight, eventually delivered significantly smaller babies than those

in the SMBG group. However, no significant difference was

observed between the two groups in terms of LGA infants,

cesarean section, preeclampsia, or other indicators used to

measure the incidence rate of newborns (77).

Similarly, Kristensen et al. conducted a prospective study of 186

pregnant women with T1DM in Sweden, 92 of whom underwent rt-

CGM and 94 underwent is-CGM. The number of LGA infants was

similar in rt-CGM and is-CGM users, and high maternal average

blood glucose levels and low TIR during pregnancy were associated

with an increased risk of LGA and comprehensive adverse

outcomes in newborns. However, the rt-CGM group exhibited a

lower TBR than the is-CGM group. Therefore, although the impact

of rt-CGM on perinatal outcomes was not significantly different

from that of is-CGM, rt-CGM was still more suitable for reducing

the occurrence of hypoglycemia (45). However, another study

showed that intermittent rt-CGM use during pregnancy did not

improve blood glucose control or pregnancy outcomes in women

with GDM (76).

In summary, there are still few controversial findings regarding

CGM improving perinatal outcomes in patients with gestational

diabetes. Therefore, a large number of prospective studies are

needed to explore the effectiveness of CGM in improving

perinatal outcomes in patients with gestational diabetes.
8 Summary

The prevalence of gestational diabetes is increasing with

improvements in living standards. Blood glucose monitoring is
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TABLE 1 the impact of CGM on pregnancy outcomes and perinatal outcomes.

Number Country Reference Period
Size Result

Recommendation
TID T2D GDM Maternal Offspring

1
UK,

Austria
25 2018 24 11 39

The blood glucose
measured by CGM and

SMBG are highly
consistent, and CGM
reduces the pain and
burden of users.

–

CGM is safe and
accurate to use by

pregnant women with
diabetes.

2 Australia 32 2020 – – 90

CGM data revealed
nocturnal hyperglycemia
in patients who were not
commenced on insulin,
with 60% of subjects

breaching glucose targets
overnight for >10% time.
SMBG is hard to get

such results.

–

CGM can make a more
comprehensive

assessment of nocturnal
hyperglycemia.

3 Australia 35 2022 – – 40

CGM can evaluate the
diurnal pattern of

glucose metabolism and
has the potential to

identify false positive and
false negative OGTT.

–

CGM was well accepted
and could better

demonstrate the blood
glucose control of GDM

patients.

4 Sweden 45 2019 186 – – –

High maternal average
blood glucose level and

low TIR during
pregnancy were

associated with increased
risk of LGA in offspring
and comprehensive
adverse outcomes in

newborns.

Despite the use of CGM
throughout pregnancy,
daily blood glucose

control is not ideal, and
the incidence of LGA is

still high.

5 Denmark 63 2021 20 – –

The TBR measured by is-
CGM is higher than that
measured by rt-CGM.

–

The type of CGM device
may affect the judgment

of nocturnal
hypoglycemia and thus
affect the adjustment of
nocturnal insulin dose.

6 England 52 2019 186 – – –

Every 5% reduction in
TIR and 5% increase in
TAR in the second and
third trimesters will

increase the risk of older
than gestational age
infants, neonatal
hypoglycemia and
admission to the

neonatal intensive care
unit.

Pregnant women should
monitor TIR through
CGM and raise the TIR

to>70% as early as
possible during
pregnancy.

7 Australia 60 2007 8 10 37

CGM can show
undetected postprandial

hyperglycemia and
overnight hypoglycemia.

–

CGM is a practical
clinical tool with good
compliance and is
helpful for clinical
decision-making.

8 England 62 2017 325 – –

Pregnant CGM users
spent more time in target

and less time
hyperglycemic, less

hypoglycemia episodes
and less time spent

hypoglycemic.

Lower incidence of large
for gestational age, fewer
neonatal intensive care
admissions lasting more

than 24h, fewer
incidences of neonatal

hypoglycemia, and 1-day

CGM should be
provided to all pregnant
women with type 1
diabetes who use

intensive insulin therapy.

(Continued)
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the basis for GDM management. The goal of GDM treatment is to

minimize maternal and fetal adverse events related to

hyperglycemia or severe hypoglycemia. Several clinical studies

have demonstrated that satisfactory glucose control during

pregnancy effectively reduces maternal and infant complications.

CGM can effectively monitor blood glucose changes in patients with
Frontiers in Endocrinology 0711
diabetes during pregnancy, thereby providing better guidance for

clinical treatment. Therefore, CGM is recommended for patients

with preexisting diabetes in pregnancy (especially T1DM

complicated with pregnancy), GDM requiring insulin treatment,

large blood glucose fluctuations, and possible nighttime

hypoglycemia. This article reviews the use of CGM in patients
TABLE 1 Continued

Number Country Reference Period
Size Result

Recommendation
TID T2D GDM Maternal Offspring

shorter length of hospital
stay.

9 Holland 64 2018 109 82 109

CGM can reduce the
incidence of gestational

hypertension and
preeclampsia in patients
with type 1 diabetes and
improve the level of

HbA1c.

the use of is-CGM did
not reduce the risk of

macrosomia

CGM provides detailed
information concerning
glycemic fluctuations
but, as a treatment
strategy, does not

translate into improved
pregnancy outcome.

10 Worldwide 67 2022 – – 482

Women with GDM
using CGM may achieve
lower average blood

glucose levels and lower
maternal weight gain.

Compared with using
SMBG, patients using
CGM to monitor blood
glucose birth infants with

lower birth weight

CGM is good for both
mother and infant.

11 England 68 2021 – – 100

the average blood glucose
was more stable and TIR
was higher in the group

using is-CGM.

–

CGM may help to
improve and treat the
glucose tolerance
disorder during

pregnancy

12 China 69
2011-
2012

– – 340

Subjects in the CGM
group were at lower risk
of preeclampsia and

primary cesarean delivery

The mean infant birth
weight of women in the
CGM group was lower

The use of
supplementary CGM
combined with routine
antenatal care can

improve the glycemic
control and pregnancy
outcomes of patients

with GDM

13 Spain 74 2020 – – 77

Every 1% increase in
TAR would increase the
probability of requiring
drug treatment by 24%.

TAR was related to the
occurrence of

macrosomia and large
for gestational age

infants.

Using CGM to monitor
the blood glucose
changes of GDM

patients can identify
those patients who need
drug treatment as early
as possible, and reduce

the occurrence of adverse
pregnancy outcomes

14 England 76 2019 – – 162

Mothers who delivered
LGA infants had

significantly higher blood
glucose at night.

–

Using CGM to monitor
and control the

nocturnal blood glucose
may help reduce the

incidence rate of LGA in
GDM women.

15 England 77 2008 46 25 – –

Women in the CGM
group delivered

significantly smaller
babies than the SMBG

group

CGM during pregnancy
is associated with
improved glycemic
control in the third
trimester, lower birth

weight, and reduced risk
of macrosomia.
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with diabetes during pregnancy, and many studies have confirmed

that CGM can improve pregnancy outcomes. However, there is still

some controversy about the impact of CGM on maternal and infant

health, which necessitates further discussion and clarification using

big data and large samples.
Author contributions

YS wrote the first draft of the manuscript and edited it. XZ

summarized the manuscript and drew the Table 1. YB and CL

reviewed literature and organized them. LZ performed critical

revision of the literature and editing of the manuscript. All authors

contributed to the article and approved the submitted version.
Funding

This article was supported by “345 talent project plan” of

Shengjing Hospital of China Medical University.
Frontiers in Endocrinology 0812
Acknowledgments

Thanks, Shengjing Hospital of China Medical University for

giving financial support for this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Mariotti C, Giovannini A, Reibaldi M, Nicolai M, Saitta A. 25-gauge vitrectomy
combined with half-fluence photodynamic therapy for the treatment of juxtapapillary
retinal capillary hemangioma: a case report. Case Rep Ophthalmol (2014) 5(2):162–7.
doi: 10.1159/000363564

2. Mirabelli M, Tocci V, Donnici A, Giuliano S, Sarnelli P, Salatino A, et al. Maternal
preconception body mass index overtakes age as a risk factor for gestational diabetes
mellitus. J Clin Med (2023) 12(8). doi: 10.3390/jcm12082830

3. Chinese Elderly Type 2 Diabetes Prevention and Treatment of Clinical Guidelines
Writing Group, Geriatric Endocrinology and Metabolism Branch of Chinese Geriatric
Society, Geriatric Endocrinology and Metabolism Branch of Chinese Geriatric Health
Care Society, Geriatric Professional Committee of Beijing Medical Award Foundation
and National Clinical Medical Research Center for Geriatric Diseases (PLA General
Hospital). [Clinical guidelines for prevention and treatment of type 2 diabetes mellitus
in the elderly in China (2022 edition)]. Zhonghua Nei Ke Za Zhi (2022) 61(1):12–50.
doi: 10.3760/cma.j.cn112138-20211027-00751

4. Association AD. 2. Classification and diagnosis of diabetes: standards of medical
care in diabetes—2020. Diabetes Care (2019) 43(Supplement_1):S14–31. doi: 10.2337/
dc20-S002

5. Juan J, Yang H-X, Su R-N, Kapur A. Diagnosis of gestational diabetes mellitus in
China: perspective, progress and prospects. Maternal-Fetal Med (2019) 1(1):31–7. doi:
10.1097/FM9.0000000000000008

6. Lowe WLJr., Scholtens DM, Kuang A, Linder B, Lawrence JM, Lebenthal Y, 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):372–80. doi: 10.2337/dc18-1646

7. ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, et al.
15. Management of diabetes in pregnancy: standards of care in diabetes—2023.
Diabetes Care (2022) 46(Supplement_1):S254–66. doi: 10.2337/dc23-S015

8. Metzger BE, Gabbe SG, Persson B, Buchanan TA, Catalano PA, Damm P, 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):676–82. doi: 10.2337/dc10-0719

9. Gupta Y, Kalra B, Baruah MP, Singla R, Kalra S. Updated guidelines on screening
for gestational diabetes. Int J Womens Health (2015) 7:539–50. doi: 10.2147/
IJWH.S82046

10. Committee, A.D.A.P.P. 2. Classification and diagnosis of diabetes: standards of
medical care in diabetes—2022. Diabetes Care (2021) 45(Supplement_1):S17–38.
doi: 10.2337/dc22-S002

11. Nathan DM, Turgeon H, Regan S. Relationship between glycated haemoglobin
levels and mean glucose levels over time. Diabetologia (2007) 50(11):2239–44. doi:
10.1007/s00125-007-0803-0
12. Hashimoto K, Osugi T, Noguchi S, Morimoto Y, Wasada K, Imai S, et al. A1C
but not serum glycated albumin is elevated because of iron deficiency in late pregnancy
in diabetic women. Diabetes Care (2009) 33(3):509–11. doi: 10.2337/dc09-1954

13. Mosca A, Paleari R, Dalfrà MG, Di Cianni G, Cuccuru I, Pellegrini G, et al.
Reference intervals for hemoglobin A1c in pregnant women: data from an Italian
multicenter study. Clin Chem (2006) 52(6):1138–43. doi: 10.1373/clinchem.
2005.064899

14. Bolinder J, Antuna R, Geelhoed-Duijvestijn P, Kröger J, Weitgasser R. Novel
glucose-sensing technology and hypoglycaemia in type 1 diabetes: a multicentre, non-
masked, randomised controlled trial. Lancet (2016) 388(10057):2254–63. doi: 10.1016/
S0140-6736(16)31535-5

15. Guerin A, Nisenbaum R, Ray JG. Use of maternal GHb concentration to
estimate the risk of congenital anoMalies in the offspring of women with
prepregnancy diabetes. Diabetes Care (2007) 30(7):1920–5. doi: 10.2337/dc07-0278

16. Jensen DM, Korsholm L, Ovesen P, Beck-Nielsen H, Moelsted-Pedersen L,
Westergaard JG, et al. Peri-conceptional A1C and risk of serious adverse pregnancy
outcome in 933 women with type 1 diabetes. Diabetes Care (2009) 32(6):1046–8. doi:
10.2337/dc08-2061

17. Nielsen GL, Møller M, Sørensen HT. HbA1c in early diabetic pregnancy and
pregnancy outcomes: a Danish population-based cohort study of 573 pregnancies in
women with type 1 diabetes. Diabetes Care (2006) 29(12):2612–6. doi: 10.2337/dc06-
0914

18. Hong JGS, Fadzleeyanna MYN, Omar SZ, Tan PC. HbA1c at term delivery and
adverse pregnancy outcome. BMC Pregnancy Childbirth (2022) 22(1):679. doi: 10.1186/
s12884-022-05000-7

19. Yamamoto JM, Kallas-Koeman MM, Butalia S, Lodha AK, Donovan LE. Large-
for-gestational-age (LGA) neonate predicts a 2.5-fold increased odds of neonatal
hypoglycaemia in women with type 1 diabetes. Diabetes Metab Res Rev (2017) 33(1).
doi: 10.1002/dmrr.2824

20. Koga M. Glycated albumin; clinical usefulness. Clin Chim Acta (2014) 433:96–
104. doi: 10.1016/j.cca.2014.03.001

21. Mendes N, Alves M, Andrade R, Ribeiro RT, Papoila AL, Serrano F. Association
between glycated albumin, fructosamine, and HbA1c with neonatal outcomes in a
prospective cohort of women with gestational diabetes mellitus. Int J Gynaecol Obstet
(2019) 146(3):326–32. doi: 10.1002/ijgo.12897

22. Toft JH, Bleskestad IH, Skadberg Ø, Gøransson LG, Økland I. Glycated albumin
in pregnancy: LC-MS/MS-based reference interval in healthy, nulliparous Scandinavian
women and its diagnostic accuracy in gestational diabetes mellitus. Scand J Clin Lab
Invest (2022) 82(2):123–31. doi: 10.1080/00365513.2022.2033827

23. Dong Y, Zhai Y, Wang J, Chen Y, Xie X, Zhang C, et al. Glycated albumin in
pregnancy: reference intervals establishment and its predictive value in adverse
frontiersin.org

https://doi.org/10.1159/000363564
https://doi.org/10.3390/jcm12082830
https://doi.org/10.3760/cma.j.cn112138-20211027-00751
https://doi.org/10.2337/dc20-S002
https://doi.org/10.2337/dc20-S002
https://doi.org/10.1097/FM9.0000000000000008
https://doi.org/10.2337/dc18-1646
https://doi.org/10.2337/dc23-S015
https://doi.org/10.2337/dc10-0719
https://doi.org/10.2147/IJWH.S82046
https://doi.org/10.2147/IJWH.S82046
https://doi.org/10.2337/dc22-S002
https://doi.org/10.1007/s00125-007-0803-0
https://doi.org/10.2337/dc09-1954
https://doi.org/10.1373/clinchem.2005.064899
https://doi.org/10.1373/clinchem.2005.064899
https://doi.org/10.1016/S0140-6736(16)31535-5
https://doi.org/10.1016/S0140-6736(16)31535-5
https://doi.org/10.2337/dc07-0278
https://doi.org/10.2337/dc08-2061
https://doi.org/10.2337/dc06-0914
https://doi.org/10.2337/dc06-0914
https://doi.org/10.1186/s12884-022-05000-7
https://doi.org/10.1186/s12884-022-05000-7
https://doi.org/10.1002/dmrr.2824
https://doi.org/10.1016/j.cca.2014.03.001
https://doi.org/10.1002/ijgo.12897
https://doi.org/10.1080/00365513.2022.2033827
https://doi.org/10.3389/fendo.2023.1218602
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Song et al. 10.3389/fendo.2023.1218602
pregnancy outcomes. BMC Pregnancy Childbirth (2020) 20(1):12. doi: 10.1186/s12884-
019-2704-x

24. Hsu CR, Chen YT, Sheu WH. Glycemic variability and diabetes retinopathy: a
missing link. J Diabetes Complications (2015) 29(2):302–6. doi: 10.1016/
j.jdiacomp.2014.11.013

25. Scott EM, Bilous RW, Kautzky-Willer A. Accuracy, user acceptability, and safety
evaluation for the freeStyle libre flash glucose monitoring system when used by
pregnant women with diabetes. Diabetes Technol Ther (2018) 20(3):180–8. doi:
10.1089/dia.2017.0386

26. Yu Q, Aris IM, Tan KH, Li LJ. Application and utility of continuous glucose
monitoring in pregnancy: A systematic review. Front Endocrinol (2019) 10. doi:
10.3389/fendo.2019.00697

27. Runge AS, Kennedy L, Brown AS, Dove AE, Levine BJ, Koontz SP, et al. Does
time-in-range matter? Perspectives from people with diabetes on the success of current
therapies and the drivers of improved outcomes. Clin Diabetes (2018) 36(2):112–9. doi:
10.2337/cd17-0094

28. Gavin JR, Bailey CJ. Real-world studies support use of continuous glucose
monitoring in type 1 and type 2 diabetes independently of treatment regimen. Diabetes
Technol Ther (2021) 23(S3):S19–s27. doi: 10.1089/dia.2021.0211

29. Slattery D, Choudhary P. Clinical use of continuous glucose monitoring in
adults with type 1 diabetes. Diabetes Technol Ther (2017) 19(S2):S55–s61. doi: 10.1089/
dia.2017.0051

30. Carlson AL, Mullen DM, Bergenstal RM. Clinical use of continuous glucose
monitoring in adults with type 2 diabetes. Diabetes Technol Ther (2017) 19(S2):S4–s11.
doi: 10.1089/dia.2017.0024

31. Carreiro MP, Nogueira AI, Ribeiro-Oliveira A. Controversies and advances in
gestational diabetes-an update in the era of continuous glucose monitoring. J Clin Med
(2018) 7(2). doi: 10.3390/jcm7020011

32. Zaharieva DP, Teng JH, Ong ML, Lee MH, Paldus B, Jackson L, et al.
Continuous glucose monitoring versus self-monitoring of blood glucose to assess
glycemia in gestational diabetes. Diabetes Technol Ther (2020) 22(11):822–7. doi:
10.1089/dia.2020.0073

33. Hawkins JS. Glucose monitoring during pregnancy. Curr Diabetes Rep (2010) 10
(3):229–34. doi: 10.1007/s11892-010-0111-9

34. Nakhleh A, Shehadeh N. Hypoglycemia in diabetes: An update on
pathophysiology, treatment, and prevention. World J Diabetes (2021) 12(12):2036–
49. doi: 10.4239/wjd.v12.i12.2036

35. Di Filippo D, Ahmadzai M, Chang MHY, Horgan K, Ong RM, Darling J, et al.
Continuous glucose monitoring for the diagnosis of gestational diabetes mellitus: A
pilot study. J Diabetes Res 2022 (2022) p:5142918. doi: 10.1155/2022/5142918

36. Di Filippo D, Henry A, Bell C, Haynes S, Chang MHY, Darling J, et al. A new
continuous glucose monitor for the diagnosis of gestational diabetes mellitus: a pilot
study. BMC Pregnancy Childbirth (2023) 23(1):186. doi: 10.1186/s12884-023-05496-7

37. Mian Z, Hermayer KL, Jenkins A. Continuous glucose monitoring: review of an
innovation in diabetes management. Am J Med Sci (2019) 358(5):332–9. doi: 10.1016/
j.amjms.2019.07.003

38. Kudva YC, Ahmann AJ, Bergenstal RM, Gavin JR 3rd, Kruger DF, Midyett LK,
et al. Approach to using trend arrows in the freeStyle libre flash glucose monitoring
systems in adults. J Endocr Soc (2018) 2(12):1320–37. doi: 10.1210/js.2018-00294

39. Tanenberg R, Bode B, Lane W, Levetan C, Mestman J, Harmel AP, et al. Use of
the Continuous Glucose Monitoring System to guide therapy in patients with insulin-
treated diabetes: a randomized controlled trial. Mayo Clin Proc (2004) 79(12):1521–6.
doi: 10.4065/79.12.1521

40. Chen R, Yogev Y, Ben-Haroush A, Jovanovic L, Hod M, Phillip M. Continuous
glucose monitoring for the evaluation and improved control of gestational diabetes
mellitus. J Matern Fetal Neonatal Med (2003) 14(4):256–60. doi: 10.1080/
jmf.14.4.256.260

41. Bruttomesso D, Laviola L, Avogaro A, Bonora E, Del Prato S, Frontoni S, et al.
The use of real time continuous glucose monitoring or flash glucose monitoring in the
management of diabetes: A consensus view of Italian diabetes experts using the Delphi
method. Nutr Metab Cardiovasc Dis (2019) 29(5):421–31. doi: 10.1016/
j.numecd.2019.01.018

42. Edelman SV, Argento NB, Pettus J, Hirsch IB. Clinical implications of real-time
and intermittently scanned continuous glucose monitoring. Diabetes Care (2018) 41
(11):2265–74. doi: 10.2337/dc18-1150
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C, Garcı ́a-Garcı ́a-Doncel L, Aguilar-Diosdado M, et al. Continuous glucose
monitoring and glycemic patterns in pregnant women with gestational
diabetes mellitus. Diabetes Technol Ther (2020) 22(4):271–7. doi: 10.1089/
dia.2019.0319

75. Secher AL, Ringholm L, Andersen HU, Damm P, Mathiesen ER. The effect of
real-time continuous glucose monitoring in pregnant women with diabetes: a
randomized controlled trial. Diabetes Care (2013) 36(7):1877–83. doi: 10.2337/dc12-
2360

76. Law GR, Alnaji A, Alrefaii L, Endersby D, Cartland SJ, Gilbey SG, et al.
Suboptimal nocturnal glucose control is associated with large for gestational age in
treated gestational diabetes mellitus. Diabetes Care (2019) 42(5):810–5. doi: 10.2337/
dc18-2212

77. Murphy HR, Rayman G, Lewis K, Kelly S, Johal B, Duffield K, et al. Effectiveness
of continuous glucose monitoring in pregnant women with diabetes: randomised
clinical trial. BMJ (2008) 337:a1680. doi: 10.1136/bmj.a1680
frontiersin.org

https://doi.org/10.1136/bmjopen-2020-041486
https://doi.org/10.1210/jc.2013-4332
https://doi.org/10.1507/endocrj.EJ13-0541
https://doi.org/10.3390/nu12020475
https://doi.org/10.3390/ijms22062965
https://doi.org/10.3390/ijms22062965
https://doi.org/10.1152/ajpregu.00053.2014
https://doi.org/10.1089/dia.2019.0319
https://doi.org/10.1089/dia.2019.0319
https://doi.org/10.2337/dc12-2360
https://doi.org/10.2337/dc12-2360
https://doi.org/10.2337/dc18-2212
https://doi.org/10.2337/dc18-2212
https://doi.org/10.1136/bmj.a1680
https://doi.org/10.3389/fendo.2023.1218602
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Yanhui Lu,
Food and Drug Administration,
United States

REVIEWED BY

Nicolas Crisosto,
University of Chile, Chile
Sergio Recabarren,
University of Concepcion, Chile
Aida Petca,
Carol Davila University of Medicine and
Pharmacy, Romania

*CORRESPONDENCE

Ying Meng

Ying_Meng@urmc.rochester.edu

RECEIVED 27 April 2023
ACCEPTED 08 August 2023

PUBLISHED 08 September 2023

CITATION

Meng Y, Thornburg LL, Hoeger KM,
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Association between sex steroid
hormones and subsequent
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Zorimar Rivera- Núñez3,4, Amber Kautz5, Adam T. Evans2,
Christina Wang6, Richard K. Miller2, Susan W. Groth1,
Thomas G. O’Connor2,7,8,9 and Emily S. Barrett2,3,4,5

1School of Nursing, University of Rochester, Rochester, NY, United States, 2Obstetrics and
Gynecology, University of Rochester Medical Center, Rochester, NY, United States, 3Biostatistics and
Epidemiology, Rutgers School of Public Health, Piscataway, NJ, United States, 4Environmental and
Occupational Health Sciences Institute, Rutgers University, Piscataway, NJ, United States,
5Public Health Sciences, University of Rochester Medical Center, Rochester, NY, United States,
6Division of Endocrinology, Department of Medicine and Clinical and Translational Science Institue,
The Lundquist Institute at Harbor-University of California, Los Angeles (UCLA) Medical Center,
Torrance, CA, United States, 7Department of Psychiatry, University of Rochester, Rochester,
NY, United States, 8Department of Neuroscience, University of Rochester Medical Center, Rochester,
NY, United States, 9Wynne Center for Family Research, University of Rochester Medical Center,
Rochester, NY, United States
Objective: Sex steroid hormonesmay play a role in insulin resistance and glucose

dysregulation. However, evidence regarding associations between early-

pregnancy sex steroid hormones and hyperglycemia during pregnancy is

limited. The primary objective of this study was to assess the relationships

between first trimester sex steroid hormones and the subsequent

development of hyperglycemia during pregnancy; with secondary evaluation

of sex steroid hormones levels in mid-late pregnancy, concurrent with and

subsequent to diagnosis of gestational diabetes.

Methods: Retrospective analysis of a prospective pregnancy cohort study was

conducted. Medically low-risk participants with no known major endocrine

disorders were recruited in the first trimester of pregnancy (n=319). Sex steroid

hormones in each trimester, including total testosterone, free testosterone,

estrone, estradiol, and estriol, were assessed using high-performance liquid

chromatography and tandem mass spectrometry. Glucose levels of the 1-hour

oral glucose tolerance test and gestational diabetes diagnosis were abstracted

from medical records. Multivariable linear regression models were fitted to

assess the associations of individual first trimester sex steroids and glucose levels.

Results: In adjusted models, first trimester total testosterone (b=5.24, 95% CI:

0.01, 10.46, p=0.05) and free testosterone (b=5.98, 95% CI: 0.97, 10.98, p=0.02)

were positively associated with subsequent glucose concentrations and

gestational diabetes diagnosis (total testosterone: OR=3.63, 95% CI: 1.50, 8.78;

free testosterone: OR=3.69; 95% CI: 1.56, 8.73). First trimester estrone was also

positively associated with gestational diabetes (OR=3.66, 95% CI: 1.56, 8.55). In

mid-late pregnancy, pregnant people with gestational diabetes had lower total

testosterone levels (b=-0.19, 95% CI: -0.36, -0.02) after adjustment for first

trimester total testosterone.
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Conclusion: Early-pregnancy sex steroid hormones, including total

testosterone, free testosterone, and estrone, were positively associated with

glucose levels and gestational diabetes in mid-late pregnancy. These hormones

may serve as early predictors of gestational diabetes in combination with other

risk factors.
KEYWORDS

sex steroid hormone, hyperglycemia, gestational diabetes, testosterone, estrogen
Introduction

Hyperglycemia, mainly caused by gestational diabetes mellitus

(GDM), is a common metabolic complication during pregnancy (1,

2). GDM is associated with an increased risk of pregnancy related

and neonatal outcomes, such as cesarean delivery, macrosomia, and

neonatal hypoglycemia (1, 2). Furthermore, in the longer term,

people diagnosed with GDM have a higher risk of progression to

type 2 diabetes (T2DM), with around 19% of people with GDM

develop T2DM after 5 years or more from delivery (3, 4). Children

born to people with GDM have an increased risk of obesity,

metabolic diseases and neurodevelopmental disorders (5, 6).

Genetic predisposition, age, race/ethnicity, and obesity have been

identified as risk factors for GDM (1, 7–9). Yet, the pathogenesis of

GDM still is poorly understood.

GDM and T2DM are both characterized by insulin resistance

(1, 7). Evidence suggests that endogenous sex steroid hormones

(SSH), such as testosterone and estradiol, play important roles in

glucose intolerance, insulin resistance and the development of

T2DM in non-pregnant people (10–13). Additionally, people with

hyperandrogenic conditions, such as polycystic ovary syndrome

(PCOS) and congenital adrenal hyperplasia, have a higher risk of

insulin resistance and T2DM (14–16). Lowering androgen

production in PCOS patients leads improved insulin sensitivity

and reduces fasting insulin levels (17, 18). Postmenopausal

hormone therapy with estrogen/progestin reduces the incidence

of diabetes (19, 20). Therefore, through their impacts on insulin and

glucose metabolism, endogenous SSH may be involved in the

pathogenesis of T2DM.

Likewise, SSH may play a role in the development of GDM.

Nevertheless, pregnancy is a unique period given the rapid

hormonal changes and the substantially increased estrogen

concentrations (21), which may affect the relationship between

SSH and glucose regulation. Evidence from people with PCOS

substantiates the link between SSH and the risk of GDM during

pregnancy (22, 23). However, to date, very few prospective studies

have assessed the involvement of SSH, including testosterone and

estriol (E3), in the development of GDM in people without PCOS

(24–27). Yet, these previous studies have only examined total

testosterone (TT) rather than free testosterone (fT) which

represents the biologically active fraction of testosterone. Also,
0216
these studies did not concurrently examine multiple estrogens as

well as testosterone despite their interrelatedness.

Additionally, the association between SSH and GDM may be

bidirectional, operating through adipose tissue and insulin

regulation (28, 29). Insulin induces androgen biosynthesis in

cultured human ovarian theca and stromal cells (30), which

suggests that GDM could in turn alter androgen production.

Several small case-control studies have assessed differences in SSH

in late pregnancy, subsequent to GDM diagnosis, with inconsistent

findings (31–33). Moreover, the previous studies did not consider

the potential confounding effect of early-pregnancy SSH on the

relationship between GDM and SSH in late pregnancy.

Here, we leverage data and biospecimens from a pregnancy

cohort that was medically not greater than normal risk at baseline

with no known preexisting hormonal conditions to assess

testosterone (fT and TT) and estrogens (estrone, estradiol, E3) in

early pregnancy in relation to glucose concentrations and GDM

diagnosis assessed in mid-late pregnancy. Secondarily, we evaluated

associations between GDM diagnosis and the same set of SSH

assessed later in pregnancy with and without adjusting for early-

pregnancy SSH levels.
Materials and methods

Study overview

The current study is a retrospective analysis of a prospective

pregnancy cohort, the Understanding Pregnancy Signals and Infant

Development (UPSIDE) study that is a part of the Environmental

Influences on Child Health Outcomes (ECHO) program (34). From

2015 to 2019, the UPSIDE study recruited pregnant people (n=326)

in their first trimester receiving prenatal care through the University

of Rochester Medical Center affiliated obstetric clinics (35). Briefly,

the inclusion criteria for the UPSIDE study were (1) <14 weeks of

gestation, (2) age 18 or older, (3) a singleton pregnancy, (4) able to

communicate in English, (5) no known substance abuse problems

or history of psychotic illness, and (6) no greater than normal

medical risk. Additionally, women with diagnosed PCOS and

T2DM were excluded from the cohort. The study was approved

by the institutional review boards at the University of Rochester and
frontiersin.org
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Rutgers University. All participants provided written informed

consent prior to participation. The current analysis included

participants with SSH measured during pregnancy and a 1-hour

oral glucose tolerance test (OGTT) or GDM diagnosis

(n=319; Figure 1).
Sex steroid hormone assays

Blood samples were collected in each trimester (1st trimester: 12.2 ±

1.3 weeks; 2nd trimester: 21.2 ± 1.8 weeks; 3rd trimester: 31.4 ± 2 weeks)

and after processing, serum was stored in a -80°C freezer until

overnight shipment to the Endocrine and Metabolic Research

Laboratory at Harbor-UCLA Medical Center. SSH, including TT, fT,

estrone(E1), estradiol(E2), and E3, were quantified using validated

liquid chromatography with tandem mass spectrometry (LC-MS/MS)

methods (36). Briefly, LC–MS/MS was used to assess testosterone

concentrations using a Shimadzu HPLC system (Columbia, MD) and

an Applied Biosystems API5500 LC–MS/MS (Foster City, CA)

equipped with a Turbo-Ion-Spray source that used positive mode.

Quality control was performed on each assay run using spiked samples.

The limit of quantification (LOQ) for TT was 2 ng/dL. Equilibrium

dialysis using labeled testosterone was used to measure fT% which is

used to calculate fT levels (fT=TT x fT%). fT% was not detected in one

sample collected in the 1st trimester. The Shimadzu HPLC system

(Columbia, MD) and a triple quadrupole mass spectrometer (API5000

LC–MS/MS, Foster City, CA) were used to measure estrogen

concentrations. The LOQ was 2 pg/mL for E1 and E2, and 50 pg/

mL for E3. E3 was not detected in 32 samples collected in the 1st

trimester LOQ=
ffiffiffi

2
p

was used to replace missing E3 values (n=32) and

E3 values less than LOQ=
ffiffiffi

2
p

. We additionally calculated the ratio of

TT to E2 as a measure of hormone balance.
Frontiers in Endocrinology 0317
Glucose measures

As part of routine obstetric care, participants were screened for

GDM with 1-hour 50g OGTT at an average gestational age of 27.7

weeks ( ± 2.9 weeks). Participants with a 1-hour OGTT value of

more than 135 mg/dL underwent a further diagnostic test with 3-

hour 100g OGTT. Per clinical protocols, GDM was diagnosed

according to the National Diabetes Data Group (NDDG) criteria:

if the 3-hour OGTT values met more than two of the following

values: fasting, 105 mg/dL; 1 hour, 190 mg/dL; 2 hours, 165 mg/dL;

and 3 hours, 145 mg/dL. Several participants (n=5) were diagnosed

with GDM without completing the 3-hour OGTT by either (1) 1-

hour OGTT >200 mg/dL, (2) fasting glucose levels >125 mg/dL, or

(3) by paneled blood glucose levels due to inability to complete 3-

hour OGTT because of intolerance or history of gastric bypass

surgery. OGTT values and GDM diagnosis were abstracted from

electronic medical records by trained study staff.

For the purpose of this study, we additionally considered the

Carpenter-Coustan (CC) criteria which may identify more GDM

cases (37, 38). CC criteria use lower threshold values: if the 3-hour

OGTT values met more than two of the following values: fasting, 95

mg/dL; 1 hour, 180 mg/dL; 2 hours, 155 mg/dL; and 3 hours, 140

mg/dL. Six additional participants were classified as having GDM

based on the CC criteria.
Body weight measures and
other covariates

Adipose tissue may be involved in the metabolism of SSH (39–

41) and glucose dysregulation (28, 42, 43). We, therefore, included

early-pregnancy body mass index (BMI) as a key confounder in the
FIGURE 1

Flow chart displaying inclusion and exclusion of this study. GDM, gestational diabetes.
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analyses. Early-pregnancy BMI, used as a proxy for pre-pregnancy

BMI, was calculated based on weight and height abstracted from

medical records from the first clinical visit prior to 14 weeks

gestation and the formula BMI = Weight(kg)
Height(m)2

(44).

SSH have been linked to adiposity (45) and early excess

gestational weight gain (GWG) has been associated with GDM

(46). Therefore, early GWG through the end of 2nd trimester was

explored as a potential mediator between the associations of first

trimester SSH and GDM. GWG through the end of 2nd trimester

was calculated as weight at the end of the 2nd trimester minus early-

pregnancy weight. Additionally, GWG through the end of 2nd

trimester and total GWG until delivery were included as

confounders in our secondary analyses of associations between

GDM diagnosis and SSH assessed in mid-late pregnancy.

Age, race/ethnicity, parity, gestational age at the time of blood

sample collection, fertility treatment, and infant sex, have been

associated with SSH levels during pregnancy and in some cases,

GDM as well, and were thus included as covariates (8, 47). Race/

ethnicity was categorized as non-Hispanic White, non-Hispanic

Black, Hispanic, and others. Parity was characterized as nulliparous

and parous. Gestational dating was based on crown-rump length at

the earliest available ultrasound and last menstrual period was used

when an early ultrasound was not available (7%). Fertility treatment

(any/none) was classified based on participant self-report. Although

participants diagnosed with PCOS were excluded from the UPSIDE

study, to address the possibility of undiagnosed cases, participants

were evaluated with several questions to address relevant

symptoms, including regularity of periods, hirsutism and acne

(see Supplementary Materials) (48). Participants (n=13)

categorized as potentially undiagnosed PCOS cases and were

excluded in the sensitivity analyses. Additionally, four participants

reported having a history of GDM in previous pregnancies and were

excluded in the sensitivity analyses.
Statistical analysis

Descriptive statistics were calculated for all variables of interest.

SSH were not normally distributed and were thus log-transformed.

Early-pregnancy BMI was right skewed and was inverse-

transformed. In the primary analyses, a multivariable linear

regression model was fitted to assess the association of each first

trimester SSH and glucose levels (continuous variable) based on

routine 1-hour OGTT. A logistic regression model was fitted to

assess the association of each first trimester SSH and GDM

diagnosis. Age, race/ethnicity, parity, gestational age at the time

of blood sample collection, fertility treatment, early-pregnancy

BMI, and infant sex were included as covariates. Fertility

treatment was not included in logistic regression models as no

positive GDM cases were diagnosed in people reporting fertility

treatment for the current pregnancy. GWG through the end of 2nd

trimester was further assessed as a potential mediator of the

associations between first trimester SSH and GDM diagnosis

(Supplementary Figure 1) with bootstrap to estimate bias-

corrected confidence intervals (CI). In secondary analyses, linear

mixed effects models were fitted to assess the associations of GDM
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diagnosis and individual SSH in the 2nd and 3rd trimesters. Age,

race/ethnicity, parity, gestational age at the time of blood sample

collection, fertility treatment, infant sex, early-pregnancy BMI and

GWG were included as covariates. First trimester SSH was

additionally included as a key confounder. All analyses were

conducted using STATA 17.0 (College Station, TX: StataCorp LLC).
Results

Characteristics of the study cohort

The majority of participants (n=319) were non-Hispanic White

(55.5%), had at least one prior birth (65.2%), had a college

education or more (62.0%), and were overweight or obese in early

pregnancy (57.6%). Twenty-two participants (6.9%) were classified

as having GDM in this study. The characteristics of the participants

grouped by GDM diagnosis are described in Table 1. Participants

with GDM were slightly older that those without GDM (30.95 ±

0.71 vs 28.66 ± 0.27 years, p=0.005). SSH varied significantly across

trimesters except for fT (Supplementary Table 1). Trend tests

indicated that E1, E2, and E3 levels increased and TT/E2 ratios

decreased across pregnancy (p<0.001). The correlations among first

trimester SSH were weak to moderate (r=0.17-0.35) except for the

high correlations between TT and fT (r=0.91) and between E1 and

E2 (r=0.81). The correlation between TT and E3 was not significant

(Supplementary Table 2).
Associations of first trimester sex steroid
hormones with mid-late pregnancy
glucose levels and GDM diagnosis

In the primary multivariable regression models, first trimester

TT and fT were positively associated with glucose levels measured

in mid-late pregnancy after adjusting for maternal age, race/

ethnicity, parity, gestational age of blood draw, early-pregnancy

BMI, fertility treatment, and infant sex (Table 2). One natural-log

unit increases in TT and fT were associated with 5.24 mg/dL (TT:

95% CI: 0.01, 10.46, p=0.05) and 5.98 mg/dL (fT: 95% CI: 0.97,

10.98, p=0.02) higher glucose levels, respectively. Associations

between first trimester estrogens and glucose levels were also

positive but slightly weaker. Higher first trimester TT and fT was

also associated with increased odds of GDM diagnosis (TT:

OR=3.63, 95% CI: 1.50, 8.78, p=0.004, Figure 2A; fT: OR=3.69,

95% CI: 1.56, 8.73, p=0.003, Figure 2B). Higher first trimester E1

(OR=3.66, 95% CI: 1.56, 8.55, p=0.003, Figure 2C) and E2

(OR=2.92, 95% CI: 1.00, 8.55, p=0.05), but not E3, were also

associated with higher odds of GDM diagnosis. Exclusion of

potentially undiagnosed PCOS cases in sensitivity analyses

slightly strengthened associations between testosterone and E1

concentrations and glucose levels/GDM diagnosis (Supplementary

Table 3). Exclusion of participants with a history of GDM during

previous pregnancies had similar results on the associations of fT

and E1 with glucose levels and GDM diagnosis (Supplementary

Table 4). Associations of TT, fT, and E1 with clinical GDM
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diagnosis (solely by clinical criteria, not CC criteria) remained

significant (Supplementary Table 5). Given the relatively weak

correlations between testosterone and estrogens, we explored

models including both fT and E1 simultaneously, fT and E1 were

still associated with higher odds of GDM diagnosis (fT: OR=3.33,

95% CI: 1.35, 8.23, p=0.009; E1: OR=3.32, 95% CI: 1.38, 8.03

p=0.008); associations with glucose levels were positive but

attenuated compared to models assessing the hormones

individually (fT: b =5.12, 95% CI: -0.02, 10.26, p=0.05; E1:

b =3.31, 95% CI: -1.35, 7.97, p=0.16).
Evaluation of confounding and mediation
by adiposity

Early-pregnancy BMI was a key confounding variable in the

associations between sex steroids and glucose levels. Early-
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pregnancy BMI was positively associated with glucose levels

(b=0.65, 95% CI: 0.21, 1.08, p=0.004) and first trimester fT and

TT/E2 ratio, but was negatively associated with E1 and E2

(Supplementary Table 6). Regression models including early-

pregnancy BMI as a covariate (Table 2) showed similar but

slightly weakened significant positive associations between

testosterone and glucose levels/GDM compared to regression

models excluding early-pregnancy BMI (Supplementary Table 7).

The relationships among early-pregnancy fT, early-pregnancy BMI

and GDM are also illustrated in Supplementary Figure 2. The

association between E1 and GDM was attenuated (OR=2.95, 95%

CI: 1.31, 6.64, p=0.01) by excluding early-pregnancy BMI in the

models (Supplementary Table 7).

GWG might mediate the effect of sex steroids on glucose levels.

But GWG through the end of the 2nd trimester was not significantly

associated with GDM diagnosis (OR=0.96, p=0.15) and only

showed a borderline association with first trimester TT (b=1.61,
TABLE 2 Associations of Log-transformed First Trimester Sex Steroid Hormones with Glucose Levels and Gestational Diabetes Diagnosis in Mid-late Pregnancy.

Sex Steroid Hormones Glucose Levels (mg/dL) (n=284) GDM Diagnosis (n=308)

Coefficient 95% CI P OR 95% CI P

TT (ng/dL) 5.24 0.01, 10.46 0.05 3.63 1.50, 8.78 0.004

fT (ng/dL) 5.98 0.97, 10.98 0.02 3.69 1.56, 8.73 0.003

E1 (pg/mL) 4.39 -0.15, 8.94 0.06 3.66 1.56, 8.55 0.003

E2 (pg/mL) 5.65 -1.02, 12.31 0.10 2.92 1.00, 8.55 0.05

E3 (pg/mL) 2.99 -0.17, 6.14 0.06 1.06 0.66, 1.71 0.82

TT/E2 1.68 -3.46, 6.83 0.52 1.62 0.77, 3.44 0.21
front
Maternal age, race/ethnicity, parity, gestational age of blood draw, early-pregnancy BMI, and infant sex were adjusted in all models. Fertility treatment was adjusted in the models with glucose
levels as the outcome. All sex steroids were log-transformed. GDM, gestational diabetes; TT, total testosterone; fT, free testosterone; E1, estrone; E2, estradiol; E3, estriol.
TABLE 1 Characteristics of UPSIDE Participants (n=319).

Variablea All Participants (n=319)b Participants with GDM (n=22) Participants without GDM (n=297)c

Age (years) 28.82 ± 4.68 30.95 ± 3.33 28.66 ± 4.73

Race/Ethnicity

White, Non-Hispanic 177 (55.5%) 14 (63.6%) 163 (54.9%)

Black, Non-Hispanic 82 (25.7%) 3 (13.6%) 79 (26.6%)

Hispanic 34 (10.7%) 3 (13.6%) 31 (10.4%)

Others 26 (8.2%) 2 (9.1%) 24 (8.1%)

Nulliparous 110 (34.8%) 10 (45.5%) 100 (34%)

Education

High school or less 120 (38.0%) 8 (36.4%) 112 (38.1%)

Fetal sex_male 158 (50.5%) 10 (45.5%) 148 (50.9%)

Early-pregnancy BMI (kg/m2) 28.27 ± 7.04 30.65 ± 8.34 28.09 ± 6.92

Glucose levelsd (mg/dL) 113.66 ± 26.32 157.82 ± 16.58 110.13 ± 23.63
aContinuous variables are summarized using mean and standard deviation; Categorical variables are summarized using count and percentage. bSample size for parity, education and early-
pregnancy BMI is 316; sample size for infant sex is 313; sample size for glucose levels is 297. cSample size for parity, education and early-pregnancy body mass index (BMI) is 294; sample size for
infant sex is 291; sample size for glucose level is 275. dGlucose levels were derived from 1-hour glucose tolerance test results.
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95% CI: -0.08, 3.30, p=0.06). The mediation effect of GWG on the

relationship between TT and GDM was not significant (indirect

effect: b=-0.05, 95% CIbootstrap: -0.22, 0.03).
Associations of GDM diagnosis with
sex steroid hormones in the 2nd

and 3rd trimesters

GDM diagnosis was positively associated with E1 levels (b=0.29,
95% CI: 0.02, 0.56, p=0.03) in the 2nd and 3rd trimesters

(Supplementary Table 8). Further adjusting for E1 levels in the 1st

trimester, the association between GDM and E1 levels in the 2nd and

3rd trimesters was not significant (b=0.01, 95% CI: -0.18, 0.19,

p=0.95). However, GDM diagnosis was inversely associated with

TT in the 2nd and 3rd trimesters (b=-0.19, 95% CI: -0.36, -0.02,

p=0.03), after adjustment for first trimester TT. But no associations

between GDM and fT in the 2nd and 3rd trimesters were observed.
Discussion

In this prospective pregnancy cohort including pregnant people

who were medically not greater than normal risk at enrollment, first

trimester TT, fT, and E1 were positively associated with glucose

levels and GDM diagnosis in mid-late pregnancy, with similar

trends observed for E2. fT and E1 were independently associated

with increased odds of subsequent GDM diagnosis, when both were

included in the same model. Results were robust to the exclusion of

participants with potentially undiagnosed PCOS. GDM diagnosis
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was associated with lower TT but not fT levels in the 2nd and 3rd

trimesters, when first trimester SSH was adjusted, respectively.

In females, androgens are mainly produced by the ovaries,

adrenal glands, and adipose tissue (49). The placenta may also

contribute to androgen synthesis during pregnancy (50). Prior

studies that assessed associations between first trimester androgen

levels and subsequent GDM diagnosis are limited. Two studies

found a positive relationship between total testosterone levels in

early pregnancy and GDM diagnosis in White pregnant people (25,

26), consistent with the results of this study. However, Gözükara,

et al. (2015) and Mustaniemi, et al. (2023) measured TT levels using

immunoassays and did not directly measure fT, the biologically

active form of testosterone (25, 26). Improving upon the limitations

of immunoassays, this study used LC-MS/MS, a gold standard

method with greater sensitivity and specificity for steroid

measurement (51). Similar to TT, first trimester fT showed

positive and slightly stronger associations with glucose levels and

GDM diagnosis.

Although evidence of the associations of first trimester TT and

fT with GDM diagnosis is scarce, in prospective studies of non-

pregnant people, TT and/or fT have been positively associated with

development of T2DM in pre- and post-menopausal people (10, 12,

52, 53); but other studies have observed either no or attenuated

associations after adjusting for adiposity (54–56). Generally,

concentrations of TT and fT are higher in pregnant people

compared to non-pregnant people (49), so to the extent that

androgens play a causal role in glucose dysregulation, pregnancy

may be a period of particular vulnerability.

We observed little evidence that adiposity was a confounder or

mediator of the relationship between early-pregnancy testosterone
B

C

A

FIGURE 2

Distribution of first trimester log-transformed sex steroid hormones by gestational diabetes diagnosis. (A) distribution of total testosterone (TT)
(B) distribution of free testosterone (FT) (C) distribution of estrone (E1). * indicates significant differences between participants with and without
gestational diabetes (GDM) diagnosis.
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and the development of GDM. Gözükara, et al. (2015) and

Mustaniemi, et al. (2023) also identified that early pregnancy TT

levels were higher among participants who subsequently developed

GDM after adjusting for BMI (25, 26), which was consistent with

our findings. However, evidence suggests that androgens exert

direct and indirect effects on insulin sensitivity in adipose tissue

and skeletal muscle (28, 42, 43). In female animal models,

testosterone administration increased insulin resistance with or

without western diet (57, 58). In subcutaneous adipocytes

harvested from healthy non-pregnant people, testosterone

treatment induced insulin resistance in vitro and inhibited

insulin-stimulated glucose uptake (59). Administration of

testosterone to oophorectomized female rodents impaired whole-

body insulin-mediated glucose uptake potentially by lessening

glycogen synthase expression and GLUT4 transporter expression

in skeletal muscle (60–62). Also, anti-androgen treatments

improved glucose tolerance in pregnant rat models (63). Given

the findings in this study and the research in animal models and

human adipocytes, it is postulated that androgens may contribute to

the development of GDM by inducing insulin resistance not only in

adipose tissue but also in other tissues, such as skeletal muscle.

In pregnant people, estrogens are mainly produced by the

ovaries and placenta, with smaller contributions from other

tissues, such as adipose tissue and adrenal glands (24). In this

study, first trimester E1 levels were positively associated with

subsequent GDM diagnosis. Although excessive testosterone

could be converted into E1 in adipose tissue (43), in this study E1

was found to be a predictor of GDM independent of fT. We know of

no other study that has addressed this association previously, but in

a study of non-pregnant premenopausal people, estrone sulfate

levels were positively correlated with postprandial glucose levels

(56). In non-pregnant premenopausal people with PCOS, higher

E1/E2 ratio was associated with increased fasting and postprandial

glucose levels and insulin resistance (64). Therefore, E1 is

potentially involved in glucose intolerance and GDM.

Research on the mechanisms linking estrogens to glucose

regulation has primarily focused on E2 and evidence on E1 is

sparse (65). In this study, while all estrogens showed positive

associations with glucose levels and GDM, associations were

strongest for E1. Borthwick et al. (2001) found that estrone

sulfate could normalize hyperglycemia in obese-diabetic mice

(both male and female) via the reduction of hepatic glucose-6-

phosphatase (66). Although this finding conflicts with our results

and findings in premenopausal women (56, 64), it is consistent with

findings on E2, which may protect pancreatic b cell functions (67–

69), reduce adipocyte hypertrophy and insulin resistance (68, 70),

and improve hepatic glucose utilization (71). On the other hand,

high concentrations of endogenous E2, particularly seen during

pregnancy (21), may reduce insulin sensitivity (72) via decreased

GLUT4 transporter expression in skeletal muscle (73) and interfere

with insulin binding to insulin receptors (74). Therefore, the effect

of endogenous estrogens on glucose regulation may vary in a non-

linear manner and high concentrations of E1, similar to E2,

potentially induce insulin resistance during pregnancy.

Because GDMmay affect the production of SSH via insulin (30,

75), we further assessed the associations of GDM with SSH in mid-
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late pregnancy. When first-trimester SSH was not considered, the

associations between GDM and SSH levels in mid-late pregnancy

were consistent with the directions of associations between early-

pregnancy SSH and GDM. These results were also similar to

previous findings (31–33). When first-trimester estrogen was

considered, the associations between GDM and estrogen were

greatly attenuated, which indicates that the positive associations

in mid-late pregnancy could be accounted by or driven by early-

pregnancy estrogen levels. When first-trimester testosterone was

considered, the directions of associations between GDM and

testosterone were reversed, although the association between

GDM and fT was not significant. These findings indicate that

other factors changing during mid-late pregnancy, such as insulin

levels which may be affected by GDM treatment, sex hormone

binding globulin (SHBG) levels which is bound to fT to form TT,

placental aromatase, and increasing gestational weight, may affect

mid-late pregnancy testosterone levels and thus the relationship

between GDM and mid-late pregnancy testosterone levels (30,

75–77).

A strength of this study is the measurement of SSH using the

gold standard LC-MS/MS method, which is an advance over prior

studies in this field. Furthermore, the prospective design of the

study cohort established the temporal relationships between SSH in

the 1st trimester and glucose levels and GDM inmid-late pregnancy.

In addition, repeat measures of SSH throughout pregnancy enabled

us to assess hormone levels both prior to and after GDM diagnosis,

while taking early-pregnancy SSH levels into consideration. Several

limitations should be considered when interpreting the results of

the current analyses. We did not assess insulin resistance or visceral

adiposity in our cohort, which are potential key mechanisms linking

SSH to GDM (1, 7, 24, 42). Further investigations of the relationship

among SSH, adiposity, and insulin resistance during pregnancy are

warranted. Also, future studies could assess the effect of insulin and

SHGB levels during mid-late pregnancy on the relationship between

GDM and mid-late pregnancy testosterone levels. Another

limitation is that the limited GDM cases in this study could not

provide reliable estimations of the cutoff values offirst trimester TT,

fT or E1 to predict GDM. Additionally, we did not assess SHBG,

which was negatively associated with GDM in a recent meta-

analysis (78). SHBG binds both testosterone and E2 during

pregnancy (42, 79) and thus, low SHBG levels indicate high

serum concentrations of fT and free E2. Therefore, the previous

findings of the negative association between SHBG and GDM are

consistent with the positive associations between fT and GDM

found in this study (78). We assessed the potential undiagnosed

PCOS cases by self report using a two-question response to

oligomenorrhoea and hirsutism. This self-report approach has

been found in longitudinal studies to be associated with clinical

biomarkers and measures (48, 80), although additional assessments

could confirm the diagnosis.
Conclusion

In this prospective study of pregnant people, higher levels of

first-trimester TT, fT and estrone were positively associated with
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glucose levels and GDM diagnosis in mid-late pregnancy. Our

findings suggest that the early-pregnancy hormonal milieu may

contribute to and/or predict gestational hyperglycemia. Studies

such as the current study that identify early-pregnancy

biomarkers may inform future targeted screening and

interventions (lifestyle modifications, etc.) aimed at preventing

GDM in pregnant people who are at risk.
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Pre-pregnancy body mass index
and glycated-hemoglobin with
the risk of metabolic diseases
in gestational diabetes: a
prospective cohort study

Xinyue Wang1†, Simin Zhang1†, Wenlu Yu1, Guohua Li1,
Jinglin Li1, Jing Ji1,2, Yang Mi2 and Xiaoqin Luo1*

1Department of Nutrition and Food Safety, School of Public Health, Xi’an Jiaotong University,
Xi’an, China, 2Department of Obstetrics and Gynecology, Northwest Women’s and Children’s
Hospital, Xi’an, China
Background: Metabolic diseases during pregnancy result in negative

consequences for mothers. Pre-pregnancy body mass index (BMI) and late-

pregnancy glycated-hemoglobin (HbA1c) are most important factors

independently affecting the risk of gestational diabetes mellitus (GDM).

However how both affect the combined risk of other metabolic diseases in

women with GDM is unclear. The study aims to investigate the influence of pre-

pregnancy BMI and pregnancy glycemic levels on other gestational metabolic

diseases in women with GDM.

Methods: Pregnancies with GDM from January 2015 to December 2018 in the Xi’an

longitudinal mother-child cohort study (XAMC) were retrospectively enrolled. Those

without other metabolic diseases by the time of oral glucose tolerance test (OGTT)

detection were finally recruited and divided into four groups by pre-pregnancy BMI

(Underweight <18.5kg/m2; Normal weight 18.5-23.9 kg/m2; Overweight 24.0-27.9

kg/m2; Obesity ≥28.0 kg/m2, respectively) or two groups by HbA1c in late pregnancy

(normal HbA1c<5.7%; high HbA1c≥5.7%). Multivariate logistic regression analysis was

used to identify risk factors. Interaction between pre-pregnancy BMI (reference

group 18.5-23.9 kg/m2) and HbA1c (reference group <5.7%) was determined using

strata-specific analysis.

Results: A total of 8928 subjects with GDM were included, 16.2% of which had a

composite of metabolic diseases. The pre-pregnancy overweight and obesity,

compared with normal BMI, were linked to the elevated risk of the composite of

metabolic diseases, particularly pre-eclampsia (both P <0.001) and gestational

hypertension (both P <0.001). Meanwhile, patients with high HbA1c had an

obvious higher risk of pre-eclampsia (P< 0.001) and gestational hypertension

(P= 0.005) compared to those with normal HbA1c. In addition, there were

significant interactions between pre-pregnancy BMI and HbA1c (P< 0.001). The

OR of pre-pregnancy BMI≥ 28 kg/m2 and HbA1c≥ 5.7% was 4.46 (95% CI: 2.85,

6.99; P< 0.001). The risk of other metabolic diseases, except for pre-eclampsia

(P= 0.003), was comparable between the two groups of patients with different
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HbA1c levels at normal pre-pregnancy BMI group. However, that was remarkably

elevated in obese patients (P= 0.004), particularly the risk of gestational

hypertension (P= 0.004).

Conclusion: Pre-pregnancy overweight/obesity and late-pregnancy high HbA1c

increased the risk of other gestational metabolic diseases of women with GDM.

Monitoring and controlling late-pregnancy HbA1c was effective in reducing

metabolic diseases, particularly in those who were overweight/obese

before conception.
KEYWORDS

pre-pregnancy body mass index, high glycated hemoglobin, gestational metabolic
diseases, gestational diabetes mellitus, gestational hypertension
1 Introduction

Gestational diabetes mellitus (GDM), defined as poor glucose

tolerance that develops or first occurs during pregnancy (1), is

highly prevalent affecting around 4.4% (2) of pregnancies

worldwide and 15% in China (3). It can trigger a series of

adverse pregnancy outcomes like cesarean delivery, perinatal

mortality and macrosomia (4). Notably, the chronic insulin

res is tance induced by GDM (5) , combined with the

physiological changes caused by pregnancy (6), puts women

with GDM more likely to develop other metabolic diseases,

including gestational hypertension (7) and hypothyroidism (8).

Thus, studying the risk factors for other metabolic diseases in

patients with GDM is essential.

Over the past decades, the prevalence of overweight and obesity

has been rising steadily among all age groups (9). A research

reported that of Chinese childbearing women, 25.9% were

overweight and 9.2% were obese, higher than that of other Asian

countries (10). These were associated with the higher incidence of

GDM, gestational hypertension and a lot of adverse pregnant

outcomes (11). In addition, one third of pre-pregnancy obese

women had higher glycated hemoglobin (HbA1c) levels at

delivery (12), which were associated with gestational

hypertension, preterm birth, and low birth weight (13). Since the

results of oral glucose tolerance test (OGTT) reflects the

instantaneous glycemic profile, while the value of HbA1c reflects

the average glycemic levels over the past 2 to 3 months, it is

potential to make HbA1c a remarkable predictor of gestational

complications (14).

However, few researches have focused on the effects of late-

pregnancy HbA1c, even less on the combined impact of pre-

pregnancy BMI and HbA1c on other metabolic diseases in

patients with GDM. Here, we retrospectively enrolled singleton

pregnant women with GDM from the Xi’an longitudinal mother-

child cohort (XAMC) to address the problem.
0226
2 Methods

2.1 Study population

This study was conducted among the participants of the XAMC.

The cohort recruited women from the Northwest Women’s and

Children’s Hospital for antenatal care in early pregnancy to examine

the impact of early intrauterine exposure on the outcomes of mothers

and their child. The specific protocol and baseline information has

been described elsewhere (15). Based on the dynamic XAMC, 85211

pregnancies who delivered from January 2015 to December 2018 were

enrolled. The eligible subjects were singleton and required to be

diagnosed with GDM and had HbA1c data for the last trimester of

pregnancy. Additionally, individuals diagnosed with artificial

fertilization, other metabolic diseases upon enrollment, multiple

pregnancies, abortion or induced labor, non-gestational diabetes and

type 1 or 2 diabetes mellitus before pregnancy, other severe diseases like

cancer and disease of immune system, or with incomplete or incorrect

data were excluded. Finally, 8928 subjects were included in the data

analysis. The detailed elimination process is described in Figure 1. The

Ethics Committee of Xi’an Jiaotong University (XJTU 2016-053) and

Northwest Women’s and Children’s Hospital (NWCH 2012-013)

approved the study, which was performed according to Helsinki

Declaration. All women provided written informed consent.

2.2 Definition of GDM

In China, based on the hospital’s antenatal glucose assessment

protocol (16), the OGTT was performed in the mid-pregnancy (24-28

weeks). According to the modified criteria of the International

Association of Diabetes and Pregnancy Study Groups (12), GDM is

diagnosed when at least one value reaches or exceeds any of the

following three thresholds in a 75-g OGTT: 5.1 mmol/L for fasting

plasma glucose (PG), 10.0 mmol/L for 1-hour PG and 8.5 mmol/L for

2-hour PG.
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2.3 Definition of pre-pregnancy BMI and
late-pregnancy HbA1c

The weight and height information before pregnancy was

measured and recorded by a doctor at the first time of antenatal

care, usually before 6 weeks of pregnancy (17). Pre-pregnancy BMI

was calculated by the pre-pregnancy weight in kilograms divided by

the height squared in meters. According to the criteria of the

Chinese National Health Commission, subjects were categorized

into four weight groups: Underweight, <18.5 kg/m2; Normal weight,

18.5-23.9 kg/m2; Overweight, 24.0-27.9 kg/m2 and Obesity, ≥28.0

kg/m2 (18).

Late pregnancy was defined as the last trimester of pregnancy,

which starts from the 28th week of pregnancy until delivery. In this

study, data on HbA1c were available from the hospital’s Medical

Case System. When the late-pregnancy HbA1c value was at or

greater than the threshold value of 5.7%, the term “late-pregnancy

dysglycemia” was used, as defined previously (16).
Frontiers in Endocrinology 0327
2.4 Outcomes variables

The primary outcome was the total prevalence of metabolic

diseases occurring after the diagnosis of GDM, defined as the

presence of at least one of the following outcomes: gestational

hypertension, pre-eclampsia, subclinical hypothyroidism,

hypothyroidism, hyperthyroidism, intrahepatic cholestasis and

Hashimoto’s thyroiditis, termed the “composite of metabolic

diseases”. The secondary outcome was the prevalence of each

component of the primary outcome described above. Data on

disease diagnoses were obtained from the hospital discharge

records of subjects. Gestational hypertension was defined as

systolic blood pressure (SBP) ≥140 mmHg and/or diastolic blood

pressure (DBP) ≥90 mmHg and required at least two blood pressure

measurements in the same arm before diagnosis (19). Pre-eclampsia

was defined as gestational hypertension with proteinuria (20).

Hypothyroidism was defined as increased thyroid stlmulating

hormone (TSH) (2.5-10 mIU/L) in conjunction with a decreased
FIGURE 1

Flow chart of the participants. NWCH, the Northwest Women and Children’s Hospital; BMI, body mass index; OGTT, oral glucose tolerance test;
GDM, gestational diabetes mellitus; HbA1c, glycated hemoglobin. Non-GDM included diabetes mellitus complicated pregnancies, and was excluded.
Subjects with other gestational metabolic diseases at enrolment were excluded. Other gestational metabolic diseases included: gestational
hypertension, pre-eclampsia, subclinical hypothyroidism, hypothyroidism, hyperthyroidism, intrahepatic cholestasis and hashimoto’s thyroiditis.
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free tetraiodothyronine (FT4) or TSH level of more than 10 mIU/L.

Subclinical hypothyroidism was defined as elevated TSH (2.5-10

mIU/L) and normal FT4 concentration (21). Hyperthyroidism

manifests as TSH< 0.1mIU/L and normal FT4 with laboratory

confirmation of the diagnosis (22).
2.5 Statistical analysis

The normality of the continuous data distribution was assessed

by the Shapiro-Wilk test. As all continuous variables in this study

did not conform to normal distributions, they were expressed as

medians and quartiles and analyzed by applying the Kruskal-Wallis

H test. Categorical variables were described by counts and

percentages. When categorical variables met the Cochran

hypothesis, the analysis was conducted using a Chi-square test,

otherwise Fisher’s exact test was used. The associations of pre-

pregnancy BMI and late HbA1c with specific metabolic diseases

were determined by logistic regression of odds ratios (ORs) and 95%

confidence intervals (CI). Based on the results of previous studies,

we adjusted for potential confounding, including maternal age,

education level, parity, previous cesarean delivery, family history of

hypertension and family history of diabetes, and calculated adjusted

odds ratios (aORs) and 95% CI. The interaction term between the
Frontiers in Endocrinology 0428
pre-pregnancy BMI categories and HbA1c was used to explore the

effect of their interaction on metabolic diseases. If the interaction

was of statistical significance, strata-specific analysis was then

performed. All data were analyzed by SPSS26.0 (Chicago, IL,

USA). The figures were generated using GraphPad Prism 8 and R

version 4.2.1. All P values were two-tailed, with a significance level

set at 0.05.
3 Results

3.1 Baseline characteristics

Participants were at a median and quartile 31 (29, 34) years of

age, 24.2% of them were over 35 years old. A majority (89.0%) had

high school and above education; over 16% were overweight and

2.6% were obese before conception. Almost 61.4% of mothers were

multiparities and 12.6% had a history of cesarean section. As shown

in Table 1, all the maternal demographic characteristics in different

pre-pregnancy BMI categories were varied significantly. Those who

were overweight or obese reported having higher prevalence of

family history of diabetes or hypertension. In addition, the

biochemical indicators of glycolipid metabolism at the late

pregnancy showed statistically significant differences in the
TABLE 1 Maternal demographic and pregnancy characteristics by pre-pregnancy BMI and late-pregnancy HbA1c categories.

Characteristic Pre-pregnancy Body Mass Index HbA1c

Underweight Normal
weight

Overweight Obesity P-
value

Normal High P-
value

Case (%) 857 (9.6) 6406 (71.8) 1436 (16.1) 229 (2.6) 7067 (79.2) 1861 (20.8)

Age (%) <0.001 0.910

<35 736 (85.9) 4809 (75.1) 1039 (72.4) 181 (79.0) 5353 (75.7) 1412 (75.9)

≥35 121 (14.1) 1597 (24.9) 397 (27.6) 48 (21.0) 1714 (24.3) 449 (24.1)

Education level (%) <0.001 0.180

8th grade or less 100 (11.7) 853 (13.3) 245 (17.1) 48 (21.0) 951 (13.8) 271 (14.6)

High school 612 (71.4) 4517 (70.5) 1018 (73.0) 167 (72.9) 4986 (70.6) 1328 (71.4)

College and above 140 (16.3) 999 (15.6) 165 (11.5) 11 (4.8) 1067 (15.1) 248 (13.3)

Parity (%) <0.001 0.003

Nultiparity 422 (49.2) 2458 (38.4) 480 (33.4) 84 (36.7) 2671(37.8) 773(41.5)

Multiparities 435 (50.8) 3948 (61.6) 956 (66.6) 145 (63.3) 4396 (62.2) 1088 (58.5)

Previous cesarean delivery
(%)

132 (15.4) 802 (12.5) 169 (11.8) 24 (10.5) 0.047
812 (11.5) 315 (16.9) <0.001

Family history of diabetes
(%)

69 (8.1) 630 (9.8) 166 (11.6) 38 (16.6) <0.001
665 (9.4) 238 (12.8) <0.001

Family history of
hypertension (%)

107 (12.5) 986 (15.4) 256 (17.8) 54 (23.6) <0.001
1092 (15.5) 311 (16.7) 0.184

Total GWG (kg) 15 (12.0, 18.0) 14 (10.5, 16.5) 11.5 (9.0, 15.0) 10 (6.3,
14.0)

<0.001 13.0 (10.0,
16.0)

14.5 (11.0,
17.5)

<0.001

Gestational age (weeks) 39 (38, 40) 39 (38, 40) 39 (38, 40) 39 (38, 40) 0.002 39 (38, 40) 39 (38, 40) 0.925

(Continued)
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distribution of pre-pregnancy BMI (all P <0.001). When categorized

by late-pregnancy HbA1c, one in five of the patients had a higher

median HbA1c levels [5.9% (5.7%, 6.0%)] and higher gestational

weight gain (GWG) [14.5 (11.0, 17.5) kg] than patients with normal

HbA1c levels. The total cholesterol, LDL and triglyceride of the high

HbA1c group were markedly higher than those of normal HbA1c

group in late pregnancy (P= 0.010, 0.031 and 0.018, respectively).
3.2 Prevalence of metabolic diseases
by pre-pregnancy BMI and
late-pregnancy HbA1c

Totally, 16.6% (n= 1484) of GDM women developed metabolic

diseases during pregnancy, of which the prevalence was higher in

the overweight (20.5%) and obesity groups (33.6%) compared to the

normal BMI group (15.3%), respectively. No statistically significant

differences were found between the four types group for subclinical

hypothyroidism and hypothyroidism (P= 0.376, 0.256,

respectively). The prevalence of pre-eclampsia and gestational

hypertension differed among the BMI groups, with the prevalence

increasing progressively with increasing BMI (both P <0.001)

(Figure 2A; Supplementary Table S1). Meanwhile, the prevalence

of composite of metabolic diseases in the high HbA1c group was

significantly higher than in the normal HbA1c group (18.5% &

16.1%, P= 0.013), as well as gestational hypertension (3.3% & 1.9%,

P<0.001), and pre-eclampsia (5.3% & 2.9%, P<0.001) (Figure 2B;

Supplementary Table S2).
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3.3 The influence of pre-pregnancy BMI
and late-pregnancy HbA1c on various
metabolic diseases

Participants with high HbA1c levels were at higher risk of

hypertension and pre-eclampsia, which is demonstrated in Figure 3

(P= 0.004, P <0.001, respectively). According to the pre-pregnancy

BMI, women with GDM who were overweight or obese had a

notable risk of the composite of metabolic diseases, especially

gestational hypertension and pre-eclampsia, and the risk of pre-

eclampsia was significantly reduced in the underweight group (P=

0.023). Meanwhile, we found that the interaction term between pre-

pregnancy BMI and late-pregnancy HbA1c had an effect on the

primary outcome (P< 0.001). The OR of pre-pregnancy BMI≥ 28

kg/m2 and HbA1c≥ 5.7% was 4.46 (95% CI: 2.85, 6.99; P< 0.001)

(Supplementary Table S3).
3.4 The effect of HbA1c on metabolic
diseases in different groups of pre-
pregnancy BMI

We further evaluated the effect of pre-pregnancy BMI on GDM

stratified by the pre-pregnancy BMI (Table 2). In the categories of

underweight and overweight, no significant differences were found

in the risk of primary and secondary outcomes between normal and

high HbA1c groups. However, in the category of obesity, the risk of

the composite of metabolic diseases was sharply increased in the
TABLE 1 Continued

Characteristic Pre-pregnancy Body Mass Index HbA1c

Underweight Normal
weight

Overweight Obesity P-
value

Normal High P-
value

Biochemical Indicators at the late pregnancy

HbA1c (%) 5.3 (5.0, 5.5) 5.3 (5.1 ,5.6) 5.4 (5.1, 5.7) 5.5 (5.2, 5.8) <0.001 5.2 (5.0, 5.4) 5.9 (5.7, 6.0) <0.001

Total cholesterol (mmol/
l)

5.8 (5.1, 6.6) 5.7 (4.9, 6.5) 5.4 (4.8, 6.2) 5.3 (4.5, 6.0) <0.001
5.6 (4.9, 6.4) 5.6 (4.8, 6.3) 0.010

HDL (mmol/L) 1.7 (1.5, 1.9) 1.7 (1.5, 1.9) 1.6 (1.4, 1.8) 1.6 (1.4, 1.8) <0.001 1.7 (1.4, 1.9) 1.6 (1.4, 1.9) 0.176

LDL (mmol/L) 3.0 (2.5, 3.5) 2.8 (2.3, 3.3) 2.7 (2.2, 3.2) 2.6 (2.1, 3.0) <0.001 2.8 (2.3, 3.3) 2.8 (2.3, 3.3) 0.031

Triglycerides (mmol/L) 2.7 (2.1, 3.4) 3.0 (2.4, 3.9) 3.1 (2.5, 4.1) 3.1 (2.5, 3.8) <0.001 3.0 (2.4, 3.9) 3.0 (2.4, 4.0) 0.018

Oral glucose tolerance test (mmol/L)

Fasting PG 5.1 (4.7, 5.3) 5.2 (4.9, 5.4) 5.3 (5.1, 5.6) 5.34 (5.14,
5.6)

<0.001 5.2 (4.8, 5.4) 5.3 (5.1, 5.6) <0.001

1h PG 9.4 (7.9, 10.4) 9.4 (8.1, 10.5) 9.8 (8.4, 10.8) 10.0 (8.9,
10.8)

<0.001 9.4 (6.9, 8.9) 10.0 (8.6,
11.0)

<0.001

2h PG 7.9 (6.8, 9.0) 8.0 (6.9, 9.0) 7.9 (6.9, 9.0) 7.73 (6.8,
8.7)

0.048 7.9 (6.9, 8.9) 8.2 (7.1, 9.2) <0.001
fron
BMI, body mass index; GWG, gestational weight gain; HDL, high density lipoprotein; LDL, low density lipoprotein; PG, plasma glucose.
Continuous variables are expressed as the median (quartile). Categorical variables are expressed as n (%).
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FIGURE 3

Influence of glycated hemoglobin and pre-pregnancy BMI on metabolic diseases. Forest plot of odds ratios with 95% CIs, for the risk of metabolic
diseases according to pre-pregnancy BMI (<18.5; 25.0-29.9; ≥30.0), compared with pre-pregnancy normal weight (BMI: 18.5-24.9), and high HbA1c
(≥5.7%), compared with normal HbA1c (<5.7%). The adjusted model was controlled for maternal age, maternal education level, parity, previous
cesarean delivery, family history of diabetes and hypertension.
A B

FIGURE 2

Prevalence of metabolic diseases by pre-pregnancy BMI and late-pregnancy HbA1c. Absolute prevalence of metabolic diseases are indicated by the
numerals and shading within the cells, and corresponding frequencies are also shown within the cells. (A, B) represents the metabolic diseases by
BMI groups and HbA1c groups, respectively.
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TABLE 2 Effect of HbA1c on metabolic diseases in different groups of pre-pregnancy BMI.

l
idism

Hypothyroidism
(%)

Hyperthyroidism
(%)

Intrahepatic
cholestasis
(%)

Hashimoto’s
thyroiditis
(%)

42 (5.7) 2 (0.3) 7 (0.9) 3 (0.4)

7 (6.1) 1 (0.9) 4 (3.5) 0

0.835 0.349 0.690 /

237 (4.6) 26 (0.5) 70 (1.4) 11 (0.2)

54 (4.3) 7 (0.6) 14 (1.1) 4 (0.3)

0.597 0.834 0.473 0.728

52 (5.0) 3 (0.3) 10 (1.0) 1 (0.1)

15 (3.7) 0 1 (0.2) 1 (0.2)

0.290 / 0.285 0.483

8 (5.3) 0 1 (0.7) 0

7 (9.1) 3 (1.3) 0 0

0.287 / / /
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Composite of
metabolic diseases
(%)

Gestational
hypertension
(%)

Pre-eclampsia
(%)

Subclinic
hypothyr
(%)

Underweight (n= 857)

Normal
HbA1c

114 (15.1) 7 (1.0) 9 (1.2) 45 (6.1)

High HbA1c 17 (14.9) 0 2 (1.8) 6 (5.3)

P-value 0.905 / 0.974 0.739

Normal weight (n= 6406)

Normal
HbA1c

778 (15.1) 76 (1.5) 121 (2.4) 271 (5.3)

High HbA1c 204 (16.1) 26 (2.1) 49 (3.9) 62 (4.9)

P-value 0.387 0.143 0.003 0.590

Overweight (n= 1436)

Normal
HbA1c

206 (19.9) 39 (3.8) 57 (5.5) 56 (5.4)

High HbA1c 88 (21.8) 22 (5.5) 31 (7.7) 20 (5.0)

P-value 0.424 0.155 0.123 0.727

Obesity (n= 229)

Normal
HbA1c

41 (27.2) 9 (6.0) 18 (11.9) 6 (4.0)

High HbA1c 36 (46.2) 14 (17.9) 16 (20.5) 1 (1.4)

P-value 0.004 0.004 0.083 0.474

Statistically significant values are bolded for p < 0.05.
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high HbA1c group (46.2% & 27.2%, P= 0.004), along with

gestational hypertension (17.9% & 6.0%, P= 0.004). In addition,

in the category of normal weight, the prevalence of pre-eclampsia in

the high HbA1c group was also elevated compared to the normal

HbA1c group (3.9% & 2.4%, P= 0.003).
4 Discussion

Our present findings extended previous reports linking GDM,

pre-pregnancy BMI and HbA1c with other gestational metabolic

diseases. We found that both the higher pre-pregnancy BMI and

late-pregnancy HbA1c increased the risk of pre-eclampsia and

gestational hypertension in women with GDM. Moreover, better

control of glucose metabolism in late pregnancy, which in terms of

late normal HbA1c, may significantly decrease the risk of those

metabolic diseases, especially in GDM women who were obese

before conception.

GDM is one of the most common complications of pregnancy

and is characterized by impaired glucose metabolism (23). In this

study, 16.6% of women with GDM developed other metabolic

diseases, with 5.5% suffering from pre-eclampsia or gestational

hypertension, and 10.0% from subclinical hypothyroidism or

hypothyroidism. In contrast, in the general population of women,

the prevalence of gestational hypertension and pre-eclampsia were

about 4.0% and 2.1%, respectively (24), and subclinical

hypothyroidism or hypothyroidism was 4.7% (25), all of which

were lower than the risks in this study of women with GDM.

Meanwhile, the reported risk of gestational hypertension in non-

GDM was significantly lower than in GDM (2.5% & 6.8%) (26).

Women with GDM may be at high threat for other metabolic

diseases (24, 25, 27). Gestational metabolic diseases can produce

adverse short- and long-term impairments in the mother and child,

such as kidney diseases and child neurodevelopmental disorders

(25, 28). More importantly, possible synergistic effects between

metabolic diseases may further contribute to the development of

serious diseases. Evidence demonstrated that the coexistence of

gestational hypertension and GDM increases the risk of

cardiovascular disease (29). More researches are needed to

unearth the underlying mechanisms of the interactions between

GDM and other gestational metabolic diseases. Focusing on the risk

of other metabolic diseases in women with GDM and targeting

interventions for those at risk for GDM may be of great value.

Previously, a cohort study found that pre-pregnancy obesity

was a powerful risk factor for pregnancy complications such as pre-

eclampsia and gestational diabetes, to a greater extent than

overweight or excessive gestational weight gain (30). Meng Li and

et al. (31) further pointed out that higher values of pre-pregnancy

BMI can induce GDM to complicate pre-eclampsia, gestational

hypertension, preterm delivery and macrosomia. Consistently, we

also observed that after adjusting for confounding factors, the

prevalence of composite of metabolic diseases remained

significantly higher in the overweight and obesity groups than in

the normal weight group, particularly pre-eclampsia and gestational

hypertension. This highlights that being overweight and obese
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before pregnancy is not only an independent risk factor for

GDM, but also puts women with GDM at increased risk of

comorbid other metabolic diseases, especially the disorders of

blood pressure.

The pathophysiological mechanisms underlying the links

between pre-pregnancy BMI and blood pressure during

pregnancy have not been fully elucidated. Being overweight and

obese before pregnancy can lead to inflammation, hyperinsulinemia

and insulin resistance, further disturbing autonomic dysfunction

(32). Overweight/obesity may also elicit disturbances in bioactive

compounds, such as lipids, leptin function and adipokines (20). In

the current analysis, there were also differences in the results for

blood lipids between the BMI groups. The levels of triglyceride were

generally high (median >2.7 mmol/L) and were statistically different

between the groups. The overweight and obese groups had lower

levels of HDL than the normal weight group. The association

between hypertriglyceridemia and preeclampsia in pregnancy was

previously reported that low levels of HDL were relevant to

preeclampsia, but not LDL (33). Triglycerides accumulate in the

lining cells of the uterine spiral arteries, resulting in decreased

prostacyclin production and may lead to endothelial dysfunction

and increased oxidative stress (34). Whether the prevalence of

gestational metabolic diseases in pre-pregnancy obese/overweight

women would be increased by some degree of lipid alteration

remains to conjecture, but appropriate weight management before

pregnancy is essential. For those at the high risk of GDM who were

overweight/obese before pregnancy, blood pressure and lipid

changes should be monitored dynamically during pregnancy to

prevent the development of gestational hypertension.

Compared to OGTT for transient measurements, HbA1c

represents the average glycemia level over the previous 8-12

weeks and is characterized by being easy to test and unaffected by

short-term fluctuations in blood (14). Of note, despite appropriate

treatments being given to patients with GDM, they may still have

higher late-pregnancy HbA1c levels than pregnancies without

GDM (12). Hyperglycemia positively associated with adverse

pregnancy outcomes (12). Attention should be paid to the

importance of HbA1c as an objective biochemical indicator of

glycemic control in women with GDM (35). A recent study

revealed that HbA1c ≥5.7% during pregnancy indicated impaired

b-cell function and pathophysiological dysfunction of glucose

disposal (36). Late-pregnancy HbA1c at or above 5.7% in obese

non-GDM pregnancies posed long-term health risks to the

offspring and mother (16, 37). When the cut-off value for HbA1c

in this study was set at 5.7%, we also found that high HbA1c was an

independent risk factor for pre-eclampsia and gestational

hypertension in women with GDM. Couples of studies

emphasized the important role of HbA1c in the risk of pre-

eclampsia. Although there is scarce epidemiological evidence on

late-pregnancy HbA1c, the available studies generally supported

our results. A large population-based study indicated that the risk of

pre-eclampsia increased with elevated mid-pregnancy HbA1c (14).

Meanwhile, Lynn P et al. reported on the association of HbA1c

measured at 28 weeks as a continuous variable with pre-eclampsia

(38). Holmes et al. provided the first evidence that HbA1c <6.1% in
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late pregnancy reduced the risk of pre-eclampsia in type 1 diabetic

women (39). Although the mechanism of this association is not

fully clear, some evidence showed that elevated HbA1c may induce

endothelial dysfunction by generating superoxide anions that

interfere with nitric oxide mediated response (40). Endothelial

dysfunction may perturb vascular biomarkers including P-

selectin, E-selectin, intercellular adhesion molecules and vascular

cell adhesion molecules further impairing the vasculature (41), and

thus HbA1c may be associated with hypertension. Our data

reinforced previous scientific evidence. Notably, among the

various risk factors and mechanisms for pre-eclampsia and

gestational hypertension, poor glycemic control remains one of

the most easily monitored and treated risk factors (39).

There is an important role of weight management prior to

pregnancy in reducing adverse gestational metabolic diseases (42).

Meanwhile, evidence suggested that the linkage between HbA1c

and adverse pregnancy outcomes differed with pre-pregnancy BMI

and GWG levels (43). Indicators of BMI combined with HbA1c can

help to assess the prognosis of women with GDM. Given that, we

further investigated whether pre-pregnancy BMI interacts with late-

pregnancy HbA1c on the risk of metabolic diseases by stratifying

the pre-pregnancy BMI. The results showed that the proportion of

high late-pregnancy HbA1c gradually increased with elevated pre-

pregnancy BMI. Notably, in the obese group, glycemia within the

optimal range significantly reduced the risk of metabolic diseases,

especially gestational hypertension, despite the diagnosis of GDM.

In addition, the high HbA1c group was more likely to suffer from

pre-eclampsia even if their pre-pregnancy BMI was normal.

Therefore, we recommend that GDM women who have excessive

pre-pregnancy BMI should be aware of gestational hypertension. It

is advisable to use HbA1c as a clinical indicator to monitor glycemia

in the last trimester of pregnancy, to assess the impact of GDM

treatment timely, and to adjust the therapy to minimize the long-

term hazards caused by metabolic diseases.

There are several advantages of this study. To begin with, the

data derived from a large population makes the results more

convincing. In addition, an accurate experimental design and data

collection was conducted, with adjustments for known or potential

confounders. Furthermore, we paid particular attention to the

interaction of HbA1c and pre-pregnancy BMI on gestational

metabolic diseases, with implications for the clinically appropriate

management of women with GDM.

However, our study has some limitations. Firstly, we didn’t have

information on the exact gestational age at which BMI and HbA1c

were recorded. Secondly, it is a regional study with all participants

from Xi’an. Data from a single center may lack representation of the

entire pregnancy population and selection bias is inevitable.

Thirdly, although comprehensive covariates were included in this

study, some potential confounders such as pregnancy lifestyle may

modify the association of pre-pregnancy BMI and HbA1c with

gestational metabolic diseases, inducing confounding bias. Last but

not least, this study has proposed an effect of pre-pregnancy BMI

and HbA1c on metabolic diseases, but has not yet explored the

specific mechanisms that produce this result. Therefore, further

studies will be needed to confirm this relationship.
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5 Conclusions

In conclusion, our results suggested that women should be

reminded to keep their BMI at an optimal range when planning for

pregnancy to reduce the risk of gestational metabolic diseases.

Continuous monitoring of HbA1c is necessary to manage

therapeutic effects in women with GDM, especially in the last

trimester of pregnancy. Tailored BMI advice, and measures to

control glycemia in late pregnancy appear to be an appropriate

intervention for closer preventive follow-up of metabolic diseases.
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Background: Early diagnosis of gestational diabetes mellitus (GDM) reduces the

risk of unfavorable perinatal and maternal consequences. Currently, there are no

recognized biomarkers or clinical prediction models for use in clinical practice to

diagnosing GDM during early pregnancy. The purpose of this research is to

detect the serum G-protein coupled receptor 120 (GPR120) levels during early

pregnancy and construct a model for predicting GDM.

Methods: This prospective cohort study was implemented at the Women’s

Hospital of Jiangnan University between November 2019 and November 2022.

All clinical indicators were assessed at the Hospital Laboratory. GPR120

expression was measured in white blood cells through quantitative PCR.

Thereafter, the least absolute shrinkage and selection operator (LASSO)

regression analysis technique was employed for optimizing the selection of the

variables, while the multivariate logistic regression technique was implemented

for constructing the nomogram model to anticipate the risk of GDM. The

calibration curve analysis, area under the receiver operating characteristic

curve (AUC) analysis, and the decision curve analysis (DCA) were conducted

for assessing the performance of the constructed nomogram.

Results:Herein, we included a total of 250 pregnant women (125 with GDM). The

results showed that the GDM group showed significantly higher GPR120

expression levels in their first trimester compared to the normal pregnancy

group (p < 0.05). LASSO and multivariate regression analyses were carried out to

construct a GDM nomogram during the first trimester. The indicators used in the

nomogram included fasting plasma glucose, total cholesterol, lipoproteins, and

GPR120 levels. The nomogram exhibited good performance in the training (AUC

0.996, 95% confidence interval [CI] = 0.989-0.999) and validation sets

(AUC=0.992) for predicting GDM. The Akaike Information Criterion of the

nomogram was 37.961. The nomogram showed a cutoff value of 0.714

(sensitivity = 0.989; specificity = 0.977). The nomogram displayed good

calibration and discrimination, while the DCA was conducted for validating the

clinical applicability of the nomogram.
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Conclusions: The patients in the GDM group showed a high GPR120 expression

level during the first trimester. Therefore, GPR120 expression could be used as an

effective biomarker for predicting the onset of GDM. The nomogram

incorporating GPR120 levels in early pregnancy showed good predictive ability

for the onset of GDM.
KEYWORDS

gestational diabetes mellitus, biomarker, GPR120, nomogram, LASSO
1 Introduction

Gestational diabetes mellitus (GDM), a common gestational

disorder, is a growing public health problem worldwide (1). GDM

could cause detrimental short- and long-term consequences for the

newborn and mother (2–4). In recent years, with improvements in

the living standard, changes in diet and lifestyle, and

implementation of the “Comprehensive Three Child” policy,

there has been an increase in the prevalence of GDM (5). The

occurrence of diabetes during the pregnancy period has become an

epidemic (4), increasing the health and economic burden in China

(6). GDM may not only reflect but also promote the type 2 diabetes

mellitus (T2DM) epidemic (7, 8). Women with GDM show a higher

probability of developing postpartum T2DM and cardiovascular

diseases. Previous studies have shown that early detection of GDM

is important for its prevention and treatment (9–12).

Multiple traditional risk factors affect the onset of GDM, such as

age, lifestyle, body mass index (BMI) before pregnancy,

environmental and psychosocial factors, disorders of lipid

metabolism (13, 14), placental hormones (15), fasting plasma

glucose (FPG) levels (16), and thyroid functions (17, 18).

However, these risk factors have limited diagnostic accuracy. The

values of area under the curve (AUC) displayed by the traditional

clinical variables was <0.8, while a majority of the models showed a

poor agreement between the predicted probability and observed

risk (i.e., calibration) (19, 20). The existing predictive model for

GDM did not display a considerable or high predictive ability.

Therefore, a standard predictive model for the diagnosis of GDM

during early pregnancy is necessary (21).

Several researchers have highlighted the correlation between

abnormal glucose levels, GDM, and blood lipid metabolism

disorders (5, 22). The specific receptor for long-chain fatty acids

includes the G-protein-coupled receptor 120 (GPR120), also called

the free fatty acid receptor 4 (23). GPR120 is involved in energy

metabolism and adipogenesis in adipose tissues and is involved in

the onset and progression of several diseases. Our earlier study

indicated that the participants in the GDM group exhibited

significantly higher GPR120 expression levels compared to the

normal healthy controls at 32 and 37 weeks of pregnancy,

however, these variations were absent by the second day after

delivery (24). Additional lipidomic studies have highlighted the

positive correlation between the GPR120 expression levels and total
0237
lipid amount in GDM patients (24). Activation of GPR120

reportedly shows a potential therapeutic effect on metabolic

syndrome and improves systemic insulin sensitivity in T2DM

(25–28). Da et al. noted that GPR120 agonist treatment of the

high-fat diet-fed obese mice led to decreased hepatic steatosis,

decreased hyperinsulinemia, enhanced glucose tolerance, and

increased insulin sensitivity (26). Owing to the similarity between

the pathogeneses of GDM and T2DM, GPR120 expression may be

correlated with the risk of GDM in the first trimester.

While our previous study has revealed that the expression of

GPR120 was significantly higher in the GDM than in the control

(24), all these previous studies were based on univariate analyses,

and the complicated interactions among multiple male factors were

not considered, which may cause biases. Therefore, this study aimed

to examine GPR120 levels in patients with GDM in the first

trimester and establish an effective predictive model for GDM

during the early months of pregnancy.
2 Materials and methods

2.1 Data collection

This prospective cohort study recruited 1735 women in the first

trimester of pregnancy at Women’s Hospital of Jiangnan University

between January 2020 and January 2022. Blood samples were

collected from the first-trimester participants. The women at 24-

28 weeks of pregnancy were classified into the GDM or control

groups depending on the findings of the 75-g oral glucose tolerance

test. Figure 1 presents the inclusion and exclusion criteria used in

the study. Herein, 180 pregnant women were enrolled in the

training dataset, while 70 women were enrolled in the validation

dataset. Thereafter, their laboratory and clinical data, during the

14th –16th gestational week, were collected. The following maternal

laboratory and clinical data, which included their systolic blood

pressure, age, diastolic blood pressure, gestational week, maternity

history, pre-pregnancy BMI, nulliparous, pregnancy BMI, total

bilirubin, direct bilirubin, total protein (TP), globin, albumin

(ALB), alanine aminotransferase, aspartate aminotransferase,

fasting plasma glucose (FPG), creatine kinase, creatinine, uric acid

(UA), b2-microglobulin, total cholesterol (TC), low-density

l ipoprote in (LDL) , h igh-dens i ty l ipoprote in (HDL) ,
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apolipoprotein A1, lipoprotein, apolipoprotein B, in vitro

fertilization (IVF), and GPR120. Skilled nurses collected the blood

samples from the patients, and all blood tests were conducted and

management in the laboratory of theWomen’s Hospital of Jiangnan

University (24). The expression levels of the laboratory factors,

except GPR120, were obtained from patient medical records. While

the GDM criteria that were defined by the International Association

of Diabetes in Pregnancy Study Group were employed in this study

(29). The Ethics Committee of the Women’s Hospital of Jiangnan

University approved all the experiments conducted in this

prospective cohort study (No. 2022-01-1103-15).
2.2 Determination of GPR120 mRNA levels
in white blood cells

GPR120 mRNA expression levels were determined using white

blood cells (WBCs). Firstly, fresh anticoagulant-containing venous

blood samples (2 mL) were centrifuged at 2500× g for 10 mins, and

the cell-free plasma supernatant layer was removed. Then, red

blood cell lysis buffer (10 mL) was gently added to the cell pellet

with a pipette, mixed, and gently shaken for 5 mins. This mixture

was centrifuged at 2500× g for 5 mins. This pyrolysis step was

carried out twice. The cell pellet was rinsed twice with a phosphate-

buffered saline solution (3 mL). TRIzol reagent was used for

extracting the total RNA content in the WBCs (Tianwei, Beijing,

China) following the manufacturer’s recommendations. The Primer
Frontiers in Endocrinology 0338
Premier 5.0 Software (PREMIER Biosoft International, Palo Alto,

CA) was used for designing the GPR120 primers, with the following

primer sequences: GPR120: forward 50 -TGG AGC CCC ATC ATC

ATC AC-30, reverse 50 - TGC ACA GTG TCA TGT TGT AGA G-

3’; The QuantiTect SYBR Green PCR Kit (QIAGEN, Shanghai,

China) was utilized for conducting the quantitative polymerase

chain reaction (PCR) using the iCycler iQ (Bio-Rad)

PCR instrument.
2.3 Statistical analysis

The data were statistically analyzed with the use of the R

statistical software ver. 4.1.3 (R Statistical Computing Foundation,

Vienna, Austria; glmnet, rms, foreign, pROC, regplot, and Nricens

packages). The data that conformed to a normal distribution are

expressed as mean ± standard deviation, while the nonnormal

distributed data are presented as median (interquartile range).

Additionally, the categorical data are described as counts and

percentages. The summary statistics between the two groups were

compared by the Mann–Whitney U test or unpaired Student’s t-tests

for continuous data, and chi-square tests for categorical data. The

least absolute shrinkage and selection operator (LASSO) regression

analysis was conducted for identifying the optimal predictive factors

(30). Finally, a nomogramwas constructed with the help of the binary

logistic regression model with 5-fold cross-validation. The predictive

model’s accuracy was determined using the calibration curve (the

Hosmer–Lemeshow test was employed for evaluating goodness offit).

Furthermore, the AUC-based receiver operating characteristic (ROC)

curves were utilized for evaluating the model’s discriminative ability.

Also, the ROC was employed for generating the decision curve

analysis (DCA) curves for determining the clinical application and

benefit of the nomogram, while the best diagnostic model was chosen

depending on the minimal Akaike Information Criterion (AIC).

Statistical significance was established at p < 0.05.
3 Results

3.1 Clinical and laboratory characteristics

This study recruited 125 women with GDM and 125 healthy

controls. Among these, the training set included 180 (70%)

randomly assigned participants, while the validation set included

70 (30%) randomly assigned participants. Table 1 presents the basic

characteristics and clinical parameters employed in the study

cohort. Although the GDM and control groups were matched in

terms of age, significant differences were noted between both the

groups with regards to their systolic blood pressure, gestational age,

pre-pregnancy BMI, pregnancy BMI, and TP, ALB, globin, UA, b2-
microglobulin, FPG, TC, HDL, LDL, apolipoprotein B,

apolipoprotein A1, lipoprotein, IVF, and GPR120 levels.

Participants in the GDM group showed a significantly higher

GPR120 expression level compared to the control individuals.

The other factors exhibited no statistically significant

variation (Table 1).
FIGURE 1

Study flow chart. The nomogram was evaluated based on the AUC-
ROC values, calibration curve, C-index, and DCA.
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TABLE 1 Comparison clinical and laboratory variables between the two groups.

Variables
GDM(x ± S/ M(IQR))

(N=125)
Control(x ± S/ M(IQR)) (N=125) Z/t/c2 P

age 31.00(29.00,34.00) 31.00(29.00,34.00) -1.430 0.153

Gestational weeks (n (%)) 1.224 0.542

10 19(15.20) 25(20.00)

11 83(66.40) 81(64.80)

12 23(18.40) 19(15.20)

Systolic blood pressure (mmHg) 117.9±11.44 114.30±10.07 2.642 0.009

Diastolic blood pressure (mmHg) 69.01±9.45 67.82±8.30 1.059 0.290

Maternity history (n (%)) 3.120 0.210

0 79(63.20) 91(72.80)

1 38(30.40) 30(24.00)

2 8(6.40) 4(3.20)

Pre-pregnancy BMI(Kg/m2) 22.49(20.42,24.89) 21.05(19.37,22.66) -4.175 <0.001

Pregnancy BMI (Kg/m2) 24.39(22.15,26.96) 21.71(19.35,23.34) -7.047 <0.001

TBIL(umol/L) 7.60(6.60,9.55) 8.10(6.70,9.75) -1.461 0.144

Bilirubin direct(umol/L) 2.12(1.75,2.65) 2.23(1.79,2.62) -0.397 0.691

TP(g/L) 68.31±4.24 69.79±4.30 -2.741 0.007

ALB(g/L) 37.60(36.00,39.95) 40.70(38.9,43.25) -6.257 <0.001

Globin(g/L) 30.10(28.00,32.60) 28.90(26.90,30.85) -3.098 0.002

ALT (mmol/L) 12.70(9.55,17.40) 14.20(10.00,23.35) -1.314 0.189

AST (mmol/L) 17.80(14.90,22.50) 18.40(16.00,23.85) -1.639 0.101

CK (mmol/L) 32.7(24.4,45.35) 34.60(26.90,42.70) -0.66 0.509

UA (mmol/L) 243.9(209.00,299.75) 218.10(185.70,245.95) -4.466 <0.001

Cr(mmol/L) 45.9(41.40,51.05) 46.80(42.95,50.30) -0.789 0.43

b2-microglobulin
(mg/L)

1.88±0.41 1.65±0.36 4.628 <0.001

FPG(mmol/L) 6.39(6.12,6.95) 4.58(4.35,4.86) -11.445 <0.001

TC(mmol/L) 5.79(5.30,6.56) 4.34(3.81,4.78) -11.506 <0.001

HDL(mmol/L) 2.16(1.86,2.37) 1.94(1.71,2.17) -4.207 <0.001

LDL(mmol/L) 3.46(2.82,4.13) 2.59(2.13,3.01) -8.189 <0.001

Apolipoprotein A1(g/L) 2.03(1.75,2.37) 1.45(1.22,1.74) -8.714 <0.001

Apolipoprotein B(g/L) 1.04(0.87,1.27) 0.78(0.67,0.91) -8.239 <0.001

Lipoprotein(mg/L) 334.20(245.00,368.55) 72.20(38.65,117.95) -12.398 <0.001

IVF(n (%)) 3.879 0.049

Yes 109(87.2) 118(94.4)

No 16(12.8) 7(5.6)

GPR120(mmol/L) 4.19(2.25,8.00) 0.98(0.66,1.72) -10.773 <0.001
F
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3.2 Constructing a prediction model based
on LASSO and logistic regression analyses
in the training dataset

Herein, 5 potential predictors with non-zero coefficients were

chosen from 26 features for developing the LASSO regression

model, including FPG, pregnancy BMI, TC, lipoprotein, and

GPR120 levels, which could be used as the GDM risk factors

(Figure 2). A binomial deviance curve against log (l) was plotted,
where l indicates the tuning hyperparameter. Furthermore, the

solid vertical lines denoted the binomial deviance ± standard error

(SE). Also, the 1-SE criteria were employed for drawing the dotted

vertical lines at optimal values. The LASSO model used an optimal

l value with the 10-fold cross-validation with 1-SE criterion

(Figure 2B). The final risk prediction model included FPG, TC,

lipoprotein, and GPR120 levels using multivariate logistic

regression (Table 2). An algorithm that reflected the contribution

of these 4 factors to GDM probability (GDMP) was derived from

the training cohort data using a logistic regression model: GDMP =

2.504*FPG + 1.528*TC +0.019*Lipoprotein + 0.544*GPR120 -

30.625. Figure 3 shows the predictive model and its application as

a nomogram. For instance, the nomogram model was used for

anticipating the probability of a woman with GDM, who showed an

FPG level of 4.49 mmol/L, TC levels of 6.11 mmol/L, lipoprotein

levels of 356.2 mg/L, and GPR120 levels of 1.68 mmol/L, which was

seen to be 95% (Figure 3B). In this study, the GPR120 expression

level during the first trimester was regarded as an independent risk

factor for GDM. Thereafter, the performance of GPR120 as a

predictive biomarker for GDM was assessed after developing

Model 2 containing only GPR120. As presented in Figures 4A, B,

Model 2 showed an AUC value of 0.88 (95% confidence interval

[CI]: 0.829–0.931) for the training set, while it showed a value of

0.936 (95% CI: 0.873-0.998) for the validation set. Model 2 showed

an AIC of 192.73 in the training set. Multivariable logistic

regression indicated that the FPG level was significantly and

positively related to the higher GDM risk (odds ratio [OR]=
Frontiers in Endocrinology 0540
12.236, 95% CI= 2.094–71.494, p = 0.005). FPG is a traditional

risk factor for GDM. Therefore, Model 3, which included only FPG

levels, was established. The AUC of Model 3 (Figure 4A) was 0.935

(95% CI: 0.895–0.976, p < 0.001) for the training set, while it was

0.875 (95% CI: 0.782–0.968) for the validation set. Model 3 showed

an AIC of 100.42 for the training set.
3.3 Validating the predictive model

The discriminatory abilities of the above three predictive

models were determined using the ROC curve. The ROCs of the

nomogram were plotted with the data derived from the training and

validation datasets. The nomogram showed AUCs of 0.996 (95% CI:

0.989–0.999) and 0.992 (95% CI: 0.9793–0.999) for the training and

validation sets, respectively, and the specificity and sensitivity values

were 0.977 and 0.989, respectively. The specificity and sensitivity of

Model 2(Model 3)for predicting GDM in early pregnancy was 0.954

and 0.774(specificity 0.855 and sensitivity 0.935), respectively. The

nomograms showed significantly higher AUCs compared to those

displayed by Models 2 and 3 for the training and validation sets.

The nomogram showed an AIC of 37.961. The results implied

that the nomogram displayed lower AIC values in comparison to

those displayed by the remaining two models displaying the

favorable discrimination capability of the nomogram for

estimating the likelihood of developing GDM. This predictive

model was calibrated by means of the Hosmer–Lemeshow test

and calibration plot. The nomogram’s calibration curves exhibited a

higher accuracy between the predicted and observed values. The

Hosmer–Lemeshow test exhibited a higher consistency between the

predicted and actual probabilities (training set, p = 0.788; validation

set, p = 0.289) (Figures 4C, D). The decision curves for the

nomogram in the validation and training sets displayed a

relatively good model performance for clinical applications

(Figures 4E, F). Furthermore, graphical DCA results showed that

the nomogram offered a greater net advantage compared to other
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models over the pertinent threshold range in the entire cohort

(Figures 4E, F).
4 Discussion

In this cohort study, a novel predictive nomogram was

constructed that included GPR120 levels and clinical risk factors

(such as FPG, TC, and lipoprotein levels). The results indicated that

the inclusion of these factors significantly enhanced the

nomogram’s ability to detect the onset and progression of GDM

in pregnant women in their first trimester. Furthermore, it was

noted that the women with GDM showed significantly higher

GPR120 expression levels within their first trimester compared to

healthy pregnant women. Furthermore, this nomogram displayed a

higher level of discrimination and exhibited an AUC of 0.996. Thus,

clinicians can use this prediction model to identify the patients

showing a high risk of GDM, thus developing effective and targeted

treatment strategies.

GDM is a common, comprehensive, obstetric , and

gynecological disease syndrome that is related to abnormal lipid

and glucose metabolism during pregnancy. Although GDM

presents a significant threat to maternal and fetal safety during

pregnancy (31), very less information regarding its pathogenesis is

available. Our data showed that some women diagnosed with GDM

exhibited abnormal glucose and blood lipid metabolism during the

first trimester (Table 1). Wang et al. found that lipid metabolism

disorders noted in the early months of pregnancy were associated

with the risk of GDM. Immanuel and Simmons reported that many
Frontiers in Endocrinology 0641
women with GDM (15–70%) present signs of hyperglycemia before

24 weeks of gestation (5, 32), which was similar to the results

presented in this study. Currently, early clinical treatment generally

focuses on regulating the patients’ diet and exercise (33, 34) and

implementing blood glucose management plans in the first

trimester, which are important for both fetal and maternal health

(35). However, the GDM diagnosis is generally carried out in the

24th–28th weeks of pregnancy, which presents a limited time for

intervention. Thus, an early GDM prediction model needed to be

developed for improving the prevention, treatment, and prognosis

of GDM and decreasing the economic burden (36).

This prospective cohort study recruited 250 patients for

constructing a nomogram based on multiple variables that were

screened by means of the LASSO regression analysis. The

traditional biochemical indicators of GDM exhibit strong

collinearity. LASSO regression, which is better than univariate

analysis, helps in addressing the issue of multicollinearity among

the variables. Figure 2 illustrates the LASSO penalty selection

process. A majority of the earlier studies used statistical

techniques that combined univariate analysis and multivariate

logistic regression methods for analyzing the data (36, 37). The

findings in this report indicated that in comparison to the

multivariate logistic regression analysis, a combination of LASSO

regression and multivariate logistic regression analyses yields a

better AUC. Herein, multivariate logistic regression analyses

implied that the TC, FPG, lipoprotein, and GPR120 levels could

be used as independent predictive factors for GDM. Earlier studies

showed that the FPG and lipoprotein levels were independent risk

factors for GDM, which were further validated by the findings noted
TABLE 2 Multivariable logistic regression to predict GDM based on Lasso regression.

Variables Coefficient P value Adjusted OR(95%CI)

BMI2 0.191 0.370 1.211(0.797,1.841)

FPG 2.504 0.005 12.236(2.094,71.494)

TC 1.528 0.004 4.609(1.630,13.032)

Lipoprotein 0.019 0.001 1.019(1.008,1.031)

GPR120 0.544 0.001 1.722(1.235,2.402)
BA

FIGURE 3

(A) A nomogram for predicting gestational diabetes mellitus (GDM). For this purpose, predictor points were determined on the uppermost point scale
corresponding to every variable used for the pregnant participants and then added. The numerical value that was projected to the bottom scale highlights
the probability of GDM. (B) Dynamic nomogram served used as an example. Herein, Participant 1 has been listed as the example (expressed in red). The
sum (2.17) of these points is located on the Total score axis, and a line is drawn downward to the probability of developing GDM (95%). **p < 0.01.
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in this study (10, 11, 38). However, several studies in the past have

conducted univariate logistic regression analysis for identifying

GDM-related risk factors (39, 40). This may be due to an indirect

correlation between exposure and outcome among the research

variables included in the model, which makes TC insignificant in

the multivariate analysis. This contradictory event demonstrates the

disparity between the statistical methodologies as well as the

prospective advantages of the multivariate analysis. The findings

of the univariate regression analyses indicated the significance of a
Frontiers in Endocrinology 0742
single factor based on the presumption that this factor operates

independently without taking into consideration its interaction with

other relevant factors. However, due to the strong interactions

between various GDM-related factors, the findings of the

univariate analysis could not present a subjective conclusion. A

multivariate analysis assists in overcoming these limitations.

GPR120 is involved in the lipid and glucose metabolism

processes, where medium-to-long-chain fatty acids serve as

ligands (41). Since GDM shows a similar pathology as T2DM,
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GDM can be regarded as an early T2DM stage (42). GPR120

protects against obesity and T2DM (25–27), however, its actual

role in GDM is unclear. However, several hypotheses have been

proposed. Fasting plasma glucose (FPG) is diagnosis maker for

diabetes. Meanwhile, the main role of GPR120 is to elicit free fatty

acids regulation on metabolism homeostasis and GPR120 agonism

correlates with prevention of the occurrence and development of

metabolic disorders such as obesity and diabetes. Thus, the disorder

of GPR120 expression may cause the level of FPG raised. In this

study, we demonstrated that GPR120 levels increased the risk of

developing GDM. This phenomenon is linked to the upregulated

GPR120 expression levels, which protect individuals from various

lipid disorders. Therefore, it was speculated that the GPR120

agonists could exhibit a therapeutic value among GDM

individuals. However, the mechanism used by GPR120 to regulate

lipid metabolism is not defined and needs to be further investigated.

We constructed a nomogram for GDM, which, for the first time,

demonstrated that GPR120 expression levels during the first trimester

could be utilized for predicting the development of GDM. This

nomogram showed a considerable degree of discrimination (AUC =

0.996) and calibration (p = 0.788). Tong et al. reported that FPG could

serve as an independent risk factor for GDMduring the initial trimester

and could be employed as a screening tool for determining risky GDM-

related pregnancies and predicting adverse pregnancy outcomes. The

findings noted in this study suggested that the developed nomogram

showed a better predictive ability compared to the two other models in

all cohorts. Therefore, GPR120 was selected to enhance the model’s

ability to identify the onset of GDM during the first trimester. Different

first-trimester-related GDM nomograms were proposed in the past.

However, a majority of GDM risk prediction models that have been

established earlier are based on the primary characteristics of pregnant

women, like pre-pregnancy BMI or age, and do not include GPR120

levels. Most studies on this topic are retrospective, which restricts the

clinical significance of all the results. The previously established

nomograms have limited diagnostic accuracy (11, 43, 44), and the

AUC of these models is less than 0.8 (36, 45), which is lower than that

of our model. Furthermore, the results of the DCA curve showed that

the constructed nomogram displayed a positive effect, which validated

the better clinical value of this model compared to other models.

Despite the advantages presented in this study, it shows a few

limitations. This single-center study had a limited sample size,

where the population showed a restricted ethnicity. Furthermore,

the mechanism used by GPR120 for GDM regulation is not known.

Thus, in the future, multicenter studies with large sample sizes

should be conducted for verifying the results noted in this study.

Furthermore, the specific mechanism responsible for the interaction

between GPR120 and GDM requires further investigation.
5 Conclusions

To conclude, patients with GDM showed high GPR120

transcriptional levels during their early trimester. The novel

nomogram that was constructed in this study included the GPR
Frontiers in Endocrinology 0843
120 levels within the first 3 months of pregnancy, and it displayed

good predictive and discrimination values.
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Case Report: Abruptio
placentae and epileptic seizure
after occurrence of perinatal
hyperglycaemia in woman with
gestational diabetes mellitus and
hypertriglyceridemia-induced
acute pancreatitis

Yanlang He1,2, Zhijie Huang1, Changli Wei2

and Jianyong Chen2*

1Medical College of Nanchang University, Nanchang, China, 2Department of Gastroenterology and
Hepatology, Jiangxi Provincial People's Hospital, The First Affiliated Hospital of Nanchang Medical
College, Nanchang, China
Hypertriglyceridemia-induced acute pancreatitis seldom occurs in the second

trimester of pregnancy with gestational diabetes mellitus. For these patients, the

existing knowledge on concomitant hyperglycemia is not sufficient. We report a

case of abruptio placentae and epileptic seizure following perinatal

hyperglycaemia in woman with gestational diabetes mell itus and

hypertriglyceridemia-induced acute pancreatitis. The occurrence of abruptio

placentae and epileptic seizure may be associated with concomitant

hyperglycemia, and the epileptic seizure was terminated after she underwent

treatment with insulin. We should pay more attention to the adverse effects of

perinatal hyperglycemia and continue to give appropriate insulin treatment even

if patients have passed the acute phase of hypertriglyceridemia-induced

acute pancreatitis.

KEYWORDS

abruptio placentae, epileptic seizure, hyperglycaemia, hypertriglyceridemia-induced,
gestational diabetes mellitus
1 Introduction

Pregnant women with gestational diabetes mellitus(GDM) usually return to normal

blood glucose after delivery due to reduced insulin resistance (1, 2). As a result, the effects and

management of perinatal hyperglycemia, especially in women with acute pancreatic disease,

have been poorly studied. In addition, hypertriglyceridemia-induced acute pancreatitis (HTG

AP) rarely occurs in the second trimester of pregnancy (3–5). Here, we describe a rare case of
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abruptio placenta and epileptic seizure following perinatal

hyperglycaemia in woman with GDM and HTG AP in the second

trimester, discuss possible causes, and compare treatment options for

concomitant hyperglycaemia in the perinatal period.
2 Case description

In October 2022, a 29-year-old multipara with 27 + 2 weeks of

amenorrhea was admitted to the emergency department of Jiangxi

Provincial People’s Hospital with acute abdominal pain. There was

no previous history of gastrointestinal ulcer or pancreatitis. During

two previous pregnancies, the patient developed gestational diabetes

mellitus. In this pregnancy, she underwent a 75g oral glucose

tolerance test at 24 weeks of gestation and found a fasting blood

glucose (FBG) level of 8.0mmol/l (>7mmol/l) and a 1-hour

postprandial blood glucose level of 10.5mmol/l (>10mmol/l). She

was diagnosed with gestational diabetes mellitus according to the

latest guideline (6). However, she did not regularly monitor her

glucose levels. She has recently been taking in a bit more lipid

than usual.

One day before admission, the patient suddenly developed

persistent epigastric pain with nausea and vomiting. Next, she began

experiencing pain in her right lower abdomen and vaginal bleeding,

and was rushed to the hospital. Upon admission, the patient was in a

coma, physical examination: heart rate 126 pulses per minute, blood

pressure 123/51mmHg (supported by norepinephrine 0.5ug/kg/min),

epileptic seizures, uncooperative nervous system examination. The rest

of the physical examination was unremarkable. Her triglyceride was

31.92mmol/L (reference range 0.45 to 1.7mmol/L), amylase 401.2U/L

(reference range 35 to 135U/L), white blood cell 20.87*109/L (reference

range 4 to 10*109/L), procalcitonin 4.68ng/ml (reference range 0 to

0.05ng/mL), random blood glucose 15.0mmol/L. Blood gas analysis

showed pH7.35, lactic acid 0.79mmol/L (reference range 0.5 to

1.7mmol/L), and urine ketone bodies were negative. Computed

tomography (CT) of the head (Figure 1) was normal, and CT of the

abdomen (Figure 2) showed that: pancreatic morphology was

abnormal and combined with extensive peripheral exudation.

Because ultrasound (Figure 3) showed mixed echoes posterior to the

placenta, abruptio placentae was considered. An emergency Caesarean

section was performed on the lower uterine segment to terminate the

pregnancy. Unfortunately, the newborn died. After the operation, she

started developing epileptic seizures again and transferred to critical

care medicine department.

Combined with the typical symptoms of persistent upper

abdominal pain, significant increases in blood amylase and

triglycerides, imaging findings from abdominal CT, and the

exclusion of common causes of acute pancreatitis such as

gallstones and alcohol history, we considered acute pancreatitis

induced by hypertriglyceridemia as the primary disease. Our

treatment measures include active fluid resuscitation, fasting,

plasma exchange, nasogastric tube decompression, inhibition of

gastric acid secretion and pancreatic enzyme secretion, broad-

spectrum antibiotics to prevent infection, nutritional support,

analgesia and sedation, invasive ventilator-assisted respiration,

traditional Chinese medicine rhubarb to induce diarrhoea, and
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additional supportive therapies. Given her history of GDM,

insulin was continuously infused by micropump and the rate was

adjusted based on hourly capillary glucose checks.

After aggressive treatment, patient gradually regained

consciousness from the second day, seizures disappeared, blood

pressure stabilized, and laboratory tests showed significant

reductions in blood glucose, blood lipids, and inflammatory

markers. On the fourth to fifth day in the hospital, her condition

improved further. On the evening of the fifth day in the hospital, we

considered her to have passed the acute phase due to significant

improvement in vital signs, inflammatory markers, and imaging

findings. She was transferred to the gastroenterology department

for continued treatment. However, the patient refused to continue

with insulin and was switched to oral metformin 500mg three times

daily and acarbose 50mg three times daily to control blood glucose

according to the latest guidelines (6).

On the sixth day in the hospital, the patient had a postprandial

seizure. She had no history of epilepsy. Temperature, blood pressure

and neurological examination were not abnormal.Blood gas

analysis showed a pH of 7.37, osmotic pressure of 304mOsm/

kgH2O, negative urinary ketone bodies, and normal blood

calcium levels. The only positive result was that blood glucose

levels exceeded 20 mmol/l during each seizure (Table 1), which

terminated approximately 5 to 10 minutes after the subcutaneous

insulin injection.

On the eighth day in the hospital, we evaluated the patient’s

glucose metabolism again, referring to the random blood glucose

values of the previous two days, glycosylated hemoglobin(HbA1c)

9.9% (normal range 4-6%), fructosamine 2.38 (normal range 1.10-

2.14). We asked the endocrinology department to help manage

glucose. Patients’ glucose monitoring was changed to every 2 hours,
FIGURE 1

Computed tomography of the patient's head after cesarean section.
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oral antidiabetic medications were discontinued, and Insulin

Degludec/Insulin Aspart 18u was administered subcutaneously 5

minutes before breakfast and dinner. The patient’s epileptic seizure

did not return and her glucose levels steadily decreased (Table 1).

On the twelfth day in the hospital, her fructosamine was 2.08. She

can be discharged and continued to use Insulin Degludec/Insulin

Aspart for a month.

Three months after discharge, we followed up with the patient

again in the outpatient department. Without using any drugs, the

fasting blood glucose, glycosylated hemoglobin, and blood lipids of

the patient were normal without any obvious sequelae.
3 Discussion

To the best of our knowledge, this is the first reported case of

abruptio placentae and epileptic seizure emerged after the

occurrence of perinatal hyperglycaemia in woman with GDM and

HTG AP in the second trimester. Some reasons may explain this

phenomenon. On the one hand, acute pancreatitis usually occurs in

the third trimester (52%), postpartum (30%), and rarely in the

second trimester (3–5). Because gestational lipids typically peak in

the third trimester of pregnancy, which is determined by estrogen-

induced triglyceride synthesis and very low-density lipoprotein (7).

In particular, HTG AP accounts for only 5% of cases (8) (Table 2).

On the other hand, the morbidity of abruptio placentae and seizure

decreased with the improvement of prenatal screening and medical

care. Although the incidence is decreasing, both are still serious

adverse events and can be seriously harmful during pregnancy.

According to the literature, abruptio placentae and epileptic seizure

are not considered to be common complications of HTG AP. As a
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result, the current knowledge of clinicians is likely to be insufficient

in the event of a bursty abruptio placentae and epileptic seizure in

patients with GDM and HTG AP.

Abruptio placentae is a pregnancy complication that can

endanger the life and health of the mother and fetus. Previous

literature studies have suggested that the common causes of

abruptio placentae include pregnancy-induced hypertension

syndrome, severe stress, trauma, improper obstetric care,

smoking, etc (9, 10). HTG AP can be considered as severe stress.

However, cases of abruptio placentae after HTG AP alone have been

extremely rare in previous studies, suggesting that other

mechanisms may be involved. Theoretically, hyperglycemia

during pregnancy can lead to placental vascular endothelial

dysfunction (11–14), hypercoagulable state of the blood system

(15, 16), fetal distress (17), etc. It may facilitate the occurrence of

abruptio placentae, but the specific mechanism needs to be

investigated further. Consistent with the above studies, our

patient had HTG AP which occurred with GDM. Next, abruptio

placentae did occur after occurrence of perinatal hyperglycemia.

Therefore, for pregnant women with HTG AP and GDM, if they

have lower abdominal pain, vaginal bleeding, and other suspected

manifestations, clinicians should increase the awareness of abruptio

placentae, and early diagnosis is important because in severe

abruptio placentae, the fetal mortality rate is nearly 100%, and the

maternal mortality rate can be up to 5% (18, 19).

Previous studies have suggested that seizure during pregnancy

is more common in epilepsy, eclampsia and stroke (20), and the fact

that the patient’s previous medical history, blood pressure and

cranial CT were normal at the time of the attack essentially ruled

out the possibility of the above conditions. In addition, the patient

had normal body temperature and serum calcium, which also
FIGURE 2

Computed tomography of the patient's abdomen after cesarean section.

FIGURE 3

Obstetric ultrasound of the patient before cesarean section.
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excluded the possibility of hyperpyretic convulsion and

hypocalcemic convulsion. The cause of epileptic seizure in this

patient was unknown. In previous reports, uncontrolled

hyperglycemia can also cause seizure (21–23), which may be

related to its brain damage (23–27). Most cases have been

described in patients with non-ketotic hyperglycemia (NKH),

which is a common complication of type 2 diabetes (28, 29).

Fewer cases have been described in patients with GDM. Taken

together with our case, epileptic seizure may occur only in specific

states of stress. In agreement with previous findings (30), this

patient’s seizure ceased after the hyperglycemia was corrected.

Therefore, for those patients, if an unexplained epileptic seizure

occurs, rapid recognition of a hyperglycemic state is vital because

the hyperglycemia-induced seizure is commonly refractory to anti-

epileptic drugs, and some treatments (phenytoin) may even

aggravate them.

Based on the above discussion, these two rare complications in

this patient do not seem to rule out the effect of hyperglycemia.

However, previous studies on the treatment of pregnant women

with HTG AP have focused on lipid reduction, as it has been
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established in numerous studies that lipid levels are positively

correlated with the severity of the disease and adverse fetal

outcomes (31, 32), and that early lipid reduction can reduce

complications and mortality (33). As a result, numerous studies

(34, 35) have focused on the design of different lipid-lowering

regimens and the comparison of their efficacy that these regimens

did achieve excellent results in reducing mortality and critical illness

rate. Thus, the importance of glycemic control in reducing

complications is overshadowed. Given the association of

prolonged glucose load with increased risk of diabetes-related

complications and mortality (36, 37), effective early glycemic

control is confirmed critical to achieve sustained and long-term

reductions in diabetes-related complications and thereby to reduce

mortality and cost of diabetes care related to Type 1 diabetes or

Type 2 diabetes (38–40). Yet very little is known about perinatal

hyperglycemia. Due to a lack of understanding of its rare

complications and deleterious effects, glycemic management was

initially neglected after she passed the acute stage. Then the patient’s

blood glucose went out of control and seizures returned. As a result,

hyperglycemia may not be easy to control after the onset of HTG

AP and it is critical to give stricter management of glucose for

puerperal women with a history of GDM. Insulin therapy in the

acute phase is well defined. However, there is no uniform standard

for the selection of hypoglycemic agents for puerperal women who

have passed the acute phase of HTG AP.

Because most postpartum women have lactation needs, the drug

selection is generally the same as for pregnant women. As a result,

only a limited number of oral drugs are currently available for

clinical use. Metformin, the most studied oral hypoglycemic drug, is

labeled as a Class B drug, meaning there is no strong evidence of a

contraindication in pregnant women (41).In terms of the actual

efficacy of glycemic control, a systematic analysis involving a total of

4533 GDM patients (42)confirmed that compared to insulin,

metformin still had a significantly stronger 2h-postprandial blood

glucose control (22 studies, 2301 patients, MD, −1.11; 95% CI −1.50

to −0.72; p < 0.00001), lower HbA1c (15 studies, 1370 patients, MD,

−1.04; 95% CI −1.47 to −0.61; P<0.00001), lower gestational FBG(32

studies 2996 patients, MD, −0.89; 95% CI−1.19 to−0.58;

P<0.00001). This is consistent with several previous meta-analyses

showing that metformin is no less effective or even better than

insulin in controlling the primary outcome of GDM (43–46). In

addition, there is additional evidence of the advantages of

metformin such as ease of administration, ease of patient
TABLE 1 Partial capillary glucose checks on the patient’s 6th day to 12th day.

Sixth day Seventh day Eighth day Ninth day Tenth day Eleventh day Twelfth day

03:00 14.4mmol/L no
seizure

19.4mmol/L
slight seizure

14.5mmol/L no
seizure

12.3mmol/L no
seizure

8.5mmol/L no
seizure

6.3mmol/L no
seizure

4.8mmol/L no
seizure

09:00 18.8mmol/L no
seizure

21.1mmol/L seizure 17.1mmol/L no
seizure

12.0mmol/L no
seizure

5.7mmol/L no
seizure

4.8mmol/L no
seizure

Refuse to measure

15:00 25.1mmol/L seizure 24.6mmol/L seizure 17.1mmol/L no
seizure

14.2mmol/L no
seizure

8.3mmol/L no
seizure

Refuse to measure discharge

21:00 20.1mmol/L seizure 18.5mmol/L no
seizure

18.1mmol/L no
seizure

9.0mmol/L no
seizure

Refuse to measure 10.5mmol/L no
seizure

discharge
TABLE 2 The etiology of Pancreatitis in pregnancy.

Proportion of the etiology

Gallstones (65–68%)

Alcohol abuse (5–10%)

Familial hypertriglyceridemia-induced pancreatitis (5%)

diopathic (15%)

Drugs-induced AP (thiazide diuretics) (cases)

Pancreatitis associated with pregnancy-induced hypertension (cases)

Acute fatty liver of pregnancy associated with AP (cases)

Hyperparathyrodism (cases)

Gene mutations (cases)

Cationic trypsinogen (PRSS1)

CFTR

PSTI

PPARG
AP, acute pancreatitis; CFTR, cystic fifibrosis transmembrane conductance regulator; PPARG,
peroxisome proliferator-activated receptor gamma; PSTI, pancreatic secretory trypsin inhibitor.
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education, better adherence, and lower cost (47–49). Thus, patients

may prefer metformin to insulin in clinical practice (50).

Based on these advantages, metformin has been recommended

in the latest Chinese guidelines for the treatment of GDM when

patients refuse to use insulin, cannot safely inject insulin, or cannot

afford the cost of insulin (6). Our patient was in a similar situation

and had passed the acute period. Following the guidelines, we tried

metformin to lower blood glucose, but there was no significant

reduction in glucose. Given the damage caused by pancreatitis, the

slow onset time of oral medication, and the short duration of use,

this result should be interpreted with caution and cannot be entirely

denied for the effect of metformin. In addition, considering that the

long-term effects of metformin on neonates through milk secretion

have not been completely elucidated, its safety cannot be absolutely

guaranteed. For puerperal women with a history of GDM, the use of

metformin to control glucose may not be appropriate even if they

have passed the acute phase of HTG AP, and it is still necessary to

consider the benefits and risks with caution before using metformin.

Insulin is another agent that can be used to lower blood glucose

levels in pregnant women. Considering the long-term safety and

non-teratogenicity of insulin, the American Diabetes Association

(ADA) and the American College of Obstetricians and

Gynecologists (ACOG) had recommended insulin as the primary

medical treatment for GDM if lifestyle interventions do not meet

glycemic treatment goal (51, 52). For women with the acute disease

in the perinatal period, the principle of controlling maternal

hyperglycemia with insulin has long been recognized, while there

remains no nationwide or international consensus about the choice

of infusion method and the type of insulin, and most national

endocrine and obstetric governing bodies have not published

specific guidelines.

In the intrapartum period, the American College of

Obstetricians and Gynecologists (ACOG) recommended a

continuous insulin infusion to maintain blood glucose levels at

rv100 mg/dL using a protocol adapted from Coustan (1, 53). The

protocol did not adequately take into account differences in insulin

resistance levels among pregnant women. However, various

institutions still choose continuous glucose and insulin infusion

to manage intrapartum glucose, despite poor evidence for this

decision (54). Another protocol, from Northwestern Memorial

Hospital’s Prentice Women’s Hospital, involved administration of

insulin and dextrose titration by an endocrinologist based on every

2 hours capillary blood glucose. Its medical decisions relied heavily

on the clinical experience of numerous specialized endocrinologists,

which is obviously cumbersome and inefficient. In 2011,

Northwestern University began developing a new protocol for

managing glucose, creating standardized algorithms in which

registered nurses titrated insulin at different rates based on hourly

capillary glucose checks. They also designed a series of tables

(Table 3) to instruct providers on insulin administration,

depending on the patient’s total daily dose of insulin combined

with the patient’s cumulative basal and bolus insulin requirements

and insulin resistance (55). This protocol was simple to implement

and improved the consistency of glucose management. Moreover, it

was once tailored to the individual needs of different patients. Our

patients who received this regimen in the intensive care unit had
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excellent glycemic control and no seizures. However, this protocol

requires frequent glucose measurements by specialist nurses and its

relative complexity and intensiveness when glucose levels may

change rapidly, which is difficult to administer in general wards.

We need further research to clarify the optimal glucose infusion

protocol for patients in general wards.

In the postpartum period, the Guideline of Committee on

Practice Bulletins—Obstetrics states that women with gestational

diabetes discontinue insulin at postpartum stage (56), which is

consistent with clinical practice. Therefore, there is relatively little

data on the use of insulin in the treatment of postpartum

hyperglycemia, especially in patients with combined pancreatitis.

In our patient, after the acute phase, she preferred subcutaneous

injections of insulin analogue twice daily to continuous

subcutaneous insulin infusion. However, the results showed

acceptable effects of glucose control. Thus, intermittent injection

appears to be an alternative in postpartum hyperglycemia.

Another controversial issue is the type of insulin used. In the

current consensus, short-acting and intermediate-acting human

insulin are the preferred insulin regimens for GDM (57).

However, it is unclear whether this applies to postpartum, and

the specific insulin has not been confirmed. Numerous studies of

GDM have used Novolin 30R as an object. However, a meta-

analysis by Li et al. (42) confirmed that Novolin 30R’s efficacy

was even inferior to that of metformin. Additionally, like other

premixed insulin, it has the inability to adjust the long- and short-

acting components separately or adequately treat post-lunch and

early-morning hyperglycemia (58). Finding appropriate insulin is a

key issue in current postpartum glucose management. We used

Insulin Degludec/Insulin Aspart(IDegAsp) in our case. IDegAsp is

the first fixed-ratio co-formulation of insulin degludec, which

provides long-lasting basal insulin coverage, and insulin aspart,

which targets postprandial glucose (59). It has the advantages of

rapid onset, longer half-life, flat and stable glucose lowering profile,

less 24-H variability, and lower risk of hypoglycemia (60). As a

result, it has fewer injections and is more acceptable to patients.

Many high-quality meta-analyses have confirmed its positive

glucose lowering effects in type 2 diabetes. However, little is

known about its use in postpartum hyperglycemia. Our case

provides a valuable reference for its application to postpartum

hyperglycemia. However, the long-acting component”degludec

insulin” is not approved and is a category C agent in pregnancy

yet. Given the potential risks, this recommendation may only be

appropriate for those who do not need to breastfeed postpartum.

It must be admitted that there are some limitations in this study.

First, with only one case reported in this study, there is relatively

limited evidence-based evidence to support its conclusions, which

limits its generalizability. Second, there were confounding factors in

the study, such as irregular prenatal check-ups, unclear maternal

pregnancy status and fetal intrauterine development, lack of pre-

onset glucose monitoring, and no confirmation of seizure by

electroencephalogram. All of these factors may affect the

interpretation of the results. Finally, there are no published

randomized controlled trials of IDegAsp in pregnant women, the

pregnancy safety of IDegAsp is not sufficiently established, which

may inherently limit its clinical applicability in pregnant women.
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Thus, the conclusions still require further careful interpretation and

clinical identification.
4 Conclusion

The harms of perinatal hyperglycemia are still not fully

understood and can be exacerbated by co-morbidities such as

HTG AP and GDM. However, as serious and rare complications

can be triggered, effective glucose management is extremely critical.

For perinatal women, timely adjustment of continuous insulin

infusion according to blood glucose monitoring seems to be the

optimal plan, but for women who have survived the acute phase of

the disease or be in general wards, our case supports that

intermittent subcutaneous injection of a fixed-ratio co-

formulation of insulin analogues (such as IDegAsp)may be a

suitable alternative. More research is needed to clarify the
Frontiers in Endocrinology 0650
management of perinatal hyperglycemia in both acute and

chronic conditions.
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TABLE 3 The new protocol for managing glucose from Northwestern University.

Table 1:
Total Daily Dose of Insulin≤60 Units/24 hours

Hourly Initial Dose of Insulin Continuous
infusion

CBG
UNCHANGED or INCREASING

CBG
DECREASING

CBG
Mg/dL

Bolus
Units IV
push

Basal
Units/hour

D10 W
ml/hr

Bolus
Units IV push

Basal
Units/hour

Bolus
Units IV push

Basal
Units/hour

<70 0 0 50 0 0 0 ↓0.5

70-100 0 0 50 0 no△ 0 ↓0.3

101-130 1 0.5 50 1 ↑0.5 0 no△

131-160 2 0.5 50 2 ↑0.5 0 ↑0.5

161-190 3 0.5 0 3 ↑0.7 1 ↑0.5

191-220 4 0.5 0 4 ↑0.7 2 ↑0.8

>220 5 0.5 0 5 ↑0.8 3 ↑0.8

Table 2
Total Daily Dose of Insulin 61-120 Units/24 hours

Hourly Initial Dose of Insulin Continuous
infusion

CBG
UNCHANGED or INCREASING

CBG
DECREASING

CBG
Mg/dL

Bolus
Units IV
push

Basal
Units/hour

D10 W
ml/hr

Bolus
Units IV push

Basal
Units/hour

Bolus
Units IV push

Basal
Units/hour

<70 0 0 50 0 0 0 ↓0.4

70-100 0 0 50 0 no△ 0 ↓0.4

101-130 2 1.0 50 2 ↑0.6 0 no△

131-160 3 1.0 50 3 ↑0.6 0 ↑0.6

161-190 4 1.0 0 3 ↑0.8 2 ↑0.6

191-220 5 1.0 0 5 ↑0.8 3 ↑0.8

>220 6 1.0 0 6 ↑1.0 4 ↑0.8
If CBG is < 70, give 100mL of D10 W over 10 minutes followed by the 50mL/hr continuous infusion.
↑ It represents an increase in the insulin dose.
no△ It represents insulin dosage does not need to change.
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Free triiodothyronine (FT3)-to-
free thyroxine (FT4) ratio
identified as a risk factor for
gestational diabetes in euthyroid
pregnant women: insights from a
Chinese population cohort study

Xin Zhao †, Jianbin Sun †, Ning Yuan and Xiaomei Zhang*

Department of Endocrinology, Peking University International Hospital, Beijing, China
Background: To explore the association between thyroid hormones and

gestational diabetes mellitus in euthyroid pregnant women, with the aim of

preventing the occurrence of gestational diabetes mellitus.

Methods: In this prospective study, a total of 1222 euthyroid pregnant women in

their first trimester were recruited at Peking University International Hospital

between December 2017 and March 2019. These participants underwent an oral

glucose tolerance test during the 24-28 weeks of gestation.

Results: During early pregnancy, the gestational diabetes mellitus group

displayed lower levels of free thyroxine when compared to the non-gestational

diabetes mellitus group. Additionally, the ratio of free triiodothyronine to free

thyroxine in the gestational diabetes mellitus group during early pregnancy was

significantly higher (p<0.05). The ratio of free triiodothyronine to free thyroxine

during early pregnancy showed a positive correlation with blood glucose levels at

0, 60, and 120 min both before and after glucose loading (all p<0.05). During

early pregnancy, there was a negative relationship between free thyroxine levels

and fasting blood glucose. The free triiodothyronine levels were positively

correlated to blood glucose levels at 120 min following glucose loading (all

p<0.05).

Conclusion: The ratio of free triiodothyronine-to-free thyroxine is an

independent risk factor for gestational diabetes mellitus and has the potential

to be a predictor for gestational diabetes mellitus in euthyroid pregnant women.

KEYWORDS

thyroid hormone, gestational diabetes mellitus, oral glucose tolerance test,
glycosylated hemoglobin, pregnancy
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1 Introduction

As the economic level has risen, there has been a notable

increase in the risk of various endocrine disorders during

pregnancy (1), including gestational diabetes mellitus (GDM),

thyroid disease (TD), hyperlipidemia, and so on. GDM is a

frequent complication of pregnancy that can have negative

impacts on the well-being of both mothers and their children (2).

Thus, early detection and treatment of GDM are advisable (3) and

an exploration of risk factors associated with the development of

GDM would provide valuable clinical insights and benefits.

The intricate physiological transformations that occur during

pregnancy also influence the metabolic alterations in thyroid

function. Recent studies, both domestic and international, have

explored how abnormalities in thyroid hormone (TH) levels are

associated with the occurrence of GDM through different

mechanisms (4, 5). Nonetheless, there is still a dearth of

evidence-based research regarding the association between GDM

and thyroid hormone (TH) during the first trimester of pregnancy,

and the underlying mechanisms of this association remain unclear.

A recent study found that initiating treatment for gestational

diabetes before the 20th week of pregnancy resulted in a slightly

reduced occurrence of a combination of negative neonatal

outcomes compared to no early treatment (6). In clinical practice,

for women identified as being at a high risk for GDM, early

implementation of lifestyle interventions is essential to minimize

the incidence of GDM.The objective of this study is to study the

association between TH in early pregnancy and the development of

GDM and to identify predictive factors for the occurrence of GDM.
2 Materials and methods

2.1 Ethics statement

The study was approved by the Ethics Bioethics Committee of

Peking University International Hospital. All protocols followed the

ethical guidelines of the institution and national committee and

complied with the 1964 Declaration of Helsinki and subsequent

amendments. All participants provided written informed consent.
Abbreviations: FT3, free triiodothyronine; FT4, free thyroxine; GDM, gestational

diabetes mellitus; OGTT, oral glucose tolerance test; SBP, systolic blood pressure;

DBP, diastolic blood pressure; BMI, body mass index; HbA1c, glycosylated

hemoglobin; FBG, fasting blood glucose; TC, total cholesterol; TG,

triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; UA, uric acid; SCr, serum creatinine; TT4, total

thryroxine; TT3, total triiodothyronine; TSH, thyroid-stimulating hormone;

HPLC, high-performance liquid chromatography; ROC, receiver operating

characteristic; AUC, area under the curve; TH, thyroid hormones; T3,

triiodothyronine; T4, thyroxine; SCH, subclinical hypothyroidism; HOMA-IR,

homeostasis model assessment for insulin resistance; GLUT2, glucose transporter

2; GLUT4, glucose transporter 4; T2DM, type 2 diabetes mellitus.
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2.2 General information

The age, parity, family history, and personal history of GDM,

family history of TD, and the gestational week of pregnant women

were recorded at the time of enrollment, data on blood pressure

(both systolic blood pressure and diastolic blood pressure), as well

as measurements of height and weight, were obtained, and body

mass index was calculated and recorded. BMI was calculated using

the formula BMI (kg/m2) = weight(kg)/body height2(m2). The

pregnant women participating in this study had their fasting

blood glucose levels and TH including antibodies measured

before becoming pregnant.

Sample size calculation: The sample size calculation formula for

survey research is used to determine the sample size: n=U a 2 * p (1-
p)/d 2. The p is the overall rate of GDM and p=0.20, d is for an error

of 2%, and U a= 1.96. Therefore, 1,537 subjects will be included in

this study.

Inclusion criteria for the study were as follows: (1) Age of 18

years or older. (2) Willing to undergo an oral glucose tolerance test

(OGTT) between the 24th and 28th weeks of gestation. (3) Planned

to receive prenatal check-ups and deliver their baby at the hospital.

(4) Consented to participate in the relevant questionnaire survey

and agreed to the collection of blood samples after being informed

about the content of the survey.

The exclusion criteria for the study were as follows: (1) Pre-

existing diagnoses of cardiovascular, cerebrovascular, hematological,

liver, renal, or respiratory diseases, or pre-pregnancy diabetes

mellitus, or pre-thyroid diseases including positive antibodies. (2)

Carrying multiple pregnancies. (3) Lack of essential baseline data.

Finally, 1,222 subjects with complete data were recruited in this

study (Figure 1).
2.2 Biochemical index detection

All the subjects had fasting 5 ml of venous blood collected in the

morning during the 7-12 weeks of their gestation period. The

detection indexes included glycosylated hemoglobin (HbA1c),

fasting blood glucose (FBG), total cholesterol (TC), triglycerides

(TG), high-density lipoprotein cholesterol (HDL-C), low-density

lipoprotein cholesterol (LDL-C), uric acid (UA), and serum

creatinine (SCr). Additionally, the TH levels were measured,

including total thyroxine (TT4), total triiodothyronine (TT3), free

thyroxine (FT4), free triiodothyronine (FT3), thyroid-stimulating

hormone (TSH), thyroid peroxidase antibodies (TPOAb), and

thyroglobulin antibodies (TgAb), and FT3/FT4 ratio was

calculated. The biochemical indices were analyzed in the

laboratory of Peking University International Hospital Center.

HbA1c levels were determined using high-performance liquid

chromatography (HPLC) and a Dongcao G8 analyzer.
2.3 Diagnosis of GDM

The pregnant women were screened for GDM through a 75g

OGTT at 24–28 weeks of gestation. To perform this test, the
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pregnant women were admitted to the hospital in the morning after

fasting for 8–12 h. They were provided with 75g of glucose powder,

which was dissolved in 250ml–300ml of warm boiled water, and

they had to consume it quickly within 5 min. Blood glucose levels

were measured at three specific time points during the oral glucose

tolerance test: before taking the glucose solution (GLU0min), at 1

hour after taking the glucose solution (GLU60min), and at 2 h after

taking the glucose solution (GLU120min).

The diagnostic criteria for GDM in this study were based on the

IADPSG (International Association of the Diabetes and Pregnancy

Study Groups) guidelines (7). According to these criteria, the blood

glucose values at different time points during the OGTT should be

as follows: GLU0min should be lower than 5.1 mmol/L, GLU60min

should be lower than 10.0 mmol/L, and GLU120min should be

lower than 8.5 mmol/L. If any of the blood glucose values reach or

exceed these specified criteria, a diagnosis of GDM is made.

The weight of the pregnant women at 24–28 weeks of gestation

was documented, and their weight gain during this period was

calculated and recorded.
2.4 Statistical analysis

All data were analyzed using SPSS 22.0. Data were tested for

normality. Normally distributed data were expressed as means ±

standard deviation (x ± s) and compared using t-tests, while non-

normally distributed data were expressed as medians (P25, P75) and

compared using rank sum tests. The counting data were expressed

as rates, and comparisons between the two groups were made using

c2 tests. Spearman correlations were used to assess associations

between variables, while univariate and multivariate analyses were
Frontiers in Endocrinology 0355
conducted using unconditional logistic regression models. These

models were used to calculate the odds ratio (OR) and its

corresponding 95% confidence interval (95%CI). Receiver

operating characteristic (ROC) curves were plotted, and the areas

under the curve (AUC) were calculated. All statistical tests were

two-sided, and p<0.05 was considered statistically significant.
3 Results

3.1 Comparison of general conditions and
biochemical indexes between the two
groups in the first trimester of pregnancy
and OGTT results

Out of the 1,222 patients, 231 were diagnosed with GDM during

the second trimester, resulting in an incidence rate of 18.90%. All

the patients tested negative for TPOAb and TGAb. The levels of

HbA1c ranged from 4.0% to 6.4% in the non-GDM group and 4.5%

to 9.5% in the GDM group. In comparison to the non-GDM group,

there was a notable increase in the proportion of individuals with a

personal history and family history of GDM in the GDM group (c2
= 10.21 and c2 = 9.87, all p<0.05). When compared to the non-

GDM group, there was a significant increase in the proportion of

multipara in the GDM group (c2 = 9.94, p<0.05). Women with

GDM tended to have higher BMI than those without and also

showed higher levels of both HbA1c and FBG in the first trimester

of pregnancy (all p<0.05). The levels of TG TC, LDL-C, and UA

were also higher in the GDM group (all p<0.05). Women with

GDM also showed lower levels of FT4 and a significantly higher

FT3/FT4 ratio than those without GDM (all p<0.05). The levels of
FIGURE 1

Flow chart of subject selection.
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TT4, TT3, FT3, and TSH did not differ significantly between the two

groups during early pregnancy (all p>0.05) (Table 1).
3.2 Association between TH and blood
glucose before and after glucose loading

Positive correlations were found between BMI, TG, TC, LDL-C,

UA, and blood glucose levels before and after glucose loading (all

p<0.05). There were positive correlations between weight gain and

blood glucose levels before and after glucose loading (all p<0.05).

There were positive correlations between FT3/FT4 ratio in the first

trimester of pregnancy and blood glucose levels before and after
Frontiers in Endocrinology 0456
glucose loading (all p<0.05). The FT4 levels in the first trimester

were negatively correlated with GLU0min and FT3 levels were

positively correlated with GLU120min (all p<0.05). There were no

significant correlations between TT3, TT4, TSH, and glucose levels

before and after glucose loading (all p>0.05) (Tables 2, 3).
3.3 Logistic regression analyses of TH
and GDM

Multivariate logistic regression was conducted using GDM as

the dependent variable and variables that were shown to be

significant in the univariate analysis as independent variables.
TABLE 1 Comparison of general conditions and biochemical indexes between the two groups in the first pregnancy and OGTT results.

Index non-GDM group GDM group t(X2) p

(n=991) (n=231)

Age (years) 30.94 ± 3.64 30.77 ± 3.86 0.63 0.52

BMI (kg/m2) 21.65 ± 3.01 23.31 ± 3.16 -7.62 <0.05

Personal history of GDM 10 (1.01%) 43(18.61%) 10.21 <0.05

Family history of GDM 5 (0.50%) 21(9.10%) 9.87 <0.05

Family history of TD 37(3.73%) 11(4.76%) 3.21 0.12

Parity

0 588(59.33%) 111(48.05%) 9.94 <0.05

≥1 403(40.67%) 120(51.95%)

SBP (mmHg) 110.06 ± 10.64 109.71 ± 10.26 0.45 0.65

DBP (mmHg) 66.48 ± 8.91 64.77 ± 9.08 2.62 <0.05

TC (mmol/L) 3.93 ± 0.69 4.06 ± 0.67 -2.69 <0.05

TG (mmol/L) 0.95 ± 0.58 1.13 ± 0.47 -4.46 <0.05

LDL-C(mmol/L) 2.03 ± 0.55 2.12 ± 0.54 -2.28 <0.05

HDL-C(mmol/L) 1.41 ± 0.28 1.42 ± 0.29 -0.51 0.61

UA (umol/L) 211.92 ± 46.54 227.80 ± 47.95 -4.67 <0.05

sCr (umol/L) 49.67 ± 7.11 48.98 ± 6.78 1.33 0.18

HbA1c (%) 5.08 ± 0.26 5.29 ± 0.30 -5.62 <0.05

FBG (mmol/L) 4.87 ± 0.40 5.04 ± 0.41 -6.19 <0.05

gestational weight gain(kg) 9.34 ± 1.23 12.09 ± 2.32 -5.43 <0.05

FT4 (pmol/l) 16.84 ± 1.92 16.40 ± 1.95 3.13 <0.05

FT3 (pmol/l) 4.62 ± 0.50 4.67 ± 0.50 -1.40 0.16

TT4 (nmol/l) 121.01 ± 22.24 118.88 ± 20.70 1.31 0.19

TT3 (nmol/l) 1.76 ± 1.19 1.83 ± 1.09 -0.93 0.35

TSH (uIU/ml) 2.03 ± 0.35 2.06 ± 0.36 -1.16 0.25

FT3/FT4 0.27 ± 0.04 0.29 ± 0.04 -3.92 <0.05
frontier
BMI is for body mass index, SBP is systolic blood pressure, DBP is for diastolic blood pressure, FBG is for fasting blood glucose, HbA1c is for glycosylated hemoglobin, sCr is for serum creatinine,
UA is for uric acid, TC is for total cholesterol, TG is for triglycerides, LDL-C is for low-density lipoprotein cholesterol, HDL-C is for high-density lipoprotein cholesterol, TT4 is for total
thyroxine,TT3 is for total triiodothyronine, FT4 is for free thyroxine, FT3 is for free triiodothyronine, TSH is for thyroid-stimulating hormone, GLU0min is for fasting blood glucose before
OGTT, GLU60min is for blood glucose 60 min after OGTT, GLU120min is for blood glucose 120 min after OGTT.
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After adjustment for age, BMI, parity, blood lipid, blood pressure,

UA, and sCr, the FT3/FT4 ratio was an independent risk factor for

GDM (Table 4).
3.4 Single variable predicting
model of GDM

The model for predicting the risk of GDM using individual

variables including FT3, FT4 and FT3/FT4 showed that the AUCs

were ranked FT3/FT4 (0.59) > FT4 (0.57) > FT3 (0.51). The cut-off

points of FT4, FT3, and FT3/FT4 were 15.55 pmol/L, 119.7 pmol/L,

and 0.27, respectively (Table 5).

In the multivariate predictive model, GDM was used as the

dependent variable, and age, BMI, parity, blood lipid, blood

pressure, UA, and FT3/FT4 were used as independent variables.

The regression equation is - 11.61649 + 6.46352 * FT3/FT4 +

0.00026 * Age + 0.12568 * BMI + 0.10806 * TC + 0.07897 * TG-

0.006666 * SBP + 0.44134 * Parity + 1.07293 * HbA1c. The model

had an AUC of 0.708 (95% CI 0.66, 0.76), a specificity of 73.83%, a

sensitivity of 58.39%, and an accuracy of 70.87% (Figure 2).
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4 Discussion

GDM can result in significant perinatal complications,

including macrosomia, shoulder dystocia, cesarean section, and

neonatal hypoglycemia, Additionally, GDM can have long-term

effects on the mother’s risk of developing type 2 diabetes mellitus

(T2DM) and can contribute to obesity in the child. During

pregnancy, the thyroid gland enlarges to meet the increased

hormonal demands of pregnancy, growing by approximately 40%.

This expansion is accompanied by changes in the secretion of FT3

and FT4 levels and an overall increase in metabolic activity (8).

TH plays a crucial role in regulating balanced glucose

metabolism. Its involvement in insulin signal transduction and

the maintenance of glucose homeostasis is considered a potential

factor in human pathophysiology. Both a deficiency or an excess of

TH can disrupt the normal regulation of glucose in the body. T3 is

the main bioactive hormone responsible for glucose-related

metabolic activities. Elevated TSH levels can cause harm to the

pancreatic islets and possibly hinder the function of beta cells,

resulting in insulin resistance and elevated blood glucose levels (8).

Studies in rats with subclinical hypothyroidism (SCH) have shown a
TABLE 3 Correlation Analysis between thyroid hormone and blood glucose before and after glucose loading.

Index

GLU0min GLU60min GLU120min

r p r p r p

FT4 (pmol/l) -0.06 <0.05 -0.05 0.06 -0.04 0.20

FT3 (pmol/l) 0.03 0.34 0.05 0.09 0.06 <0.05

TT4 (nmol/l) -0.01 0.67 -0.03 0.31 -0.03 0.29

TT3 (nmol/l) 0.02 0.46 0.03 0.39 0.02 0.28

TSH (uIU/ml) 0.06 0.06 0.06 0.06 0.05 0.05

FT3/FT4 0.07 <0.05 0.08 <0.05 0.09 <0.05
frontie
TT4 is for total thyroxine, TT3 is for total triiodothyronine, FT4 is for free thyroxine, FT3 is for free triiodothyronine, TSH is for thyroid-stimulating hormone, GLU0min is for fasting blood
glucose before OGTT, GLU60min is for blood glucose 60 min after OGTT, GLU120min is for blood glucose 120 min after OGTT.
TABLE 2 Correlation Analysis between biochemical indexes and blood glucose before and after glucose loading.

Index

GLU0min GLU60min GLU120min

r p r p r p

BMI (kg/m2) 0.25 <0.05 0.18 <0.05 0.26 <0.05

SBP (mmHg) -0.06 0.06 -0.07 <0.05 -0.03 0.38

DBP (mmHg) -0.07 <0.05 -0.10 <0.05 -0.07 <0.05

TC (mmol/L) 0.08 <0.05 0.12 <0.05 0.13 <0.05

TG (mmol/L) 0.12 <0.05 0.15 <0.05 0.15 <0.05

LDL-C(mmol/L) 0.11 <0.05 0.12 <0.05 0.12 <0.05

HDL-C(mmol/L) -0.10 <0.05 -0.01 0.84 -0.04 0.14

UA (umol/L) 0.16 <0.05 0.14 <0.05 0.16 <0.05

sCr(umol/L) -0.02 0.54 -0.01 0.70 -0.03 0.30

gestational weight gain(kg) 0.09 <0.05 0.04 0.09 0.11 <0.05
BMI is for body mass index, SBP is systolic blood pressure, DBP is for diastolic blood pressure, FBG is for fasting blood glucose, HbA1c is for glycosylated hemoglobin, sCr is for serum creatinine,
UA is for uric acid, TC is for total cholesterol, TG is for triglycerides, LDL-C is for low-density lipoprotein cholesterol, HDL-C is for high-density lipoprotein cholesterol.
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reduction in glucose production in the liver, along with a decreased

rate of glucose utilization in skeletal muscles and adipose tissues

(9, 10).

Our results demonstrated a significant association between the

FT3/FT4 ratio and blood glucose levels in the second trimester of

pregnancy. It was found that the FT3/FT4 ratio was the only

parameter that showed a significant positive correlation with

blood glucose levels after glucose loading during the second

trimester. T4 is usually considered as a pre-hormone. As the

precursor to the biologically active form, T3, the FT3/FT4 ratio is

utilized to assess deiodinase activity. In a cross-sectional study, it

was observed that elevated deiodinase activities in women with

normal TH levels were associated with higher BMI and increased

deiodinase activity was significantly correlated with higher blood

glucose levels. It is theorized that the increased deiodinase activity

triggered by BMI may elevate the risk of GDM by amplifying the

effects of T3 (11). A recent study has reported similar findings,

indicating that a higher FT3-to-FT4 ratio during the later stages of

pregnancy was linked to an increased risk of GDM, adverse

pregnancy outcomes, and an adverse metabolic profile in the

early postpartum period (12). Nonetheless, it is worth noting that

the study had a relatively small sample size, and it was unable to

demonstrate the predictive value of FT3/FT4 for the occurrence of

GDM. Another study, however, did establish associations between

FT3/FT4 ratio in the first trimester and GLU0min and concluded

that FT3/FT4 was an independent risk factor for the development of
Frontiers in Endocrinology 0658
GDM. This finding aligns with the outcomes of our study (13, 14).

However, the outcomes of these studies also indicated significant

associations between FT3 and TSH levels and GDM. It is important

to note that the subjects in these studies consisted of pregnant

women with SCH or T4 levels, which might introduce confounding

variables and affect the analysis of the relationship between TH and

GDM in euthyroid women. Another study with large number

subjects has shown that lower concentration of serum FT4 or

higher FT3/FT4 ratio in early pregnancy was associated with an

increased risk of GDM (OR = 1.43; 95% CI 1.06, 1.93, p= 0.01) after

adjusting for potential confounders. However, the study failed to

find the cut-off of the FT3/FT4 ratio for predicting GDM (15). Our

study focused on euthyroid women during the first trimester of

pregnancy, intentionally excluding women with TD or those taking

medication that could potentially confound the analysis of the

relationship between TH and GDM. In our research, we

employed ROC analysis to evaluate the predictive value of FT3,

FT4, and the FT3/FT4 ratio for the occurrence of GDM. The AUCs

were ranked from smallest to largest as follows: FT3/FT4 (0.59) >

FT4 (0.57) > FT3 (0.51). Additionally, it was determined that the

cut-off points for FT4, FT3, and FT3/FT4 in predicting GDM were

15.55 pmol/L, 119.7 pmol/L, and 0.27, respectively.

The interaction between TH and blood glucose may be

influenced by several factors. (1) TH has the capacity to regulate

the expression of glucose transporter 2 (GLUT2) (11). Intrahepatic

gluconeogenesis is a process that can lead to the swift transport of
TABLE 5 Univariate predictive model of GDM.

Index AUC (95%CI) Specificity Sensitivity Cut-off

FT4 0.57 (0.53, 0.61) 0.74 0.35 15.55

FT3 0.51 (0.47, 0.56) 0.54 0.54 4.65

FT3/FT4 0.59 (0.55, 0.63) 0.45 0.68 0.27
fro
TT4 is for total thyroxine, FT4 is for free thyroxine, FT3 is for free triiodothyronine.
TABLE 4 Logistic regression between thyroid function in first trimester and GDM.

Index Crude OR 95%CI p Adjust OR 95%CI p

FT4(pmol/L)

Low:12.01-16.70 1 1

Medium:16.71-18.86 0.78 0.55-1.09 0.59 0.84 0.58,1.20 0.33

High:18.87-22.00 0.67 0.47-0.95 <0.05 0.75 0.52-1.09 0.13

FT3(pmol/L)

Low:3.20-4.62 1 1

Medium:4.62-4.81 1.27 0.86-1.85 0.23 1.22 0.82-1.82 0.32

High:4.81-6.39 1.41 0.98-2.03 0.06 1.32 0.90-1.94 0.15

FT3/FT4

Low:0.17-0.28 1 1

Medium:0.28-0.32 1.58 1.08-2.30 <0.05 1.45 1.01-2.01 <0.05

High:0.32-0.41 1.95 1.35-2.80 <0.05 1.67 1.14-2.46 <0.05
ntier
FT4 is for free thyroxine, FT3 is for free triiodothyronine.
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glucose across the cytoplasmic membrane of the liver. This glucose

efflux, which occurs at the hepatic cytoplasmic membrane, is

facilitated by a protein called GLUT2. The pathway involving

gluconeogenesis, kinesin, and glucose transporter interactions may

have secondary effects on hepatocytes and could result in reduced

sensitivity to insulin in the liver (16). Some studies have shown that

T3 can induce the expression of glucose transporter 4 (GLUT4) and

GLUT4 is known to potentially enhance insulin sensitivity (17),

therefore, T3 might have the capacity to induce insulin sensitivity.

(2) It has been confirmed that abnormal TH levels may have adverse

effects on mitochondrial function (18). T3 has the ability to directly

bind to specific T3 binding sites in mitochondria. Additionally, it can

exert its influence on the cell nucleus, indirectly impacting the

transcription of genes associated with the regulation of cellular

metabolism and mitochondrial function (19). Mitochondria play a

crucial role in glucose metabolismwithin pancreatic cells. Any defects

in mitochondrial function can make individuals more susceptible to

cellular dysfunction, which, in turn, may increase the risk of

developing T2DM.

Our study observed slightly higher TT3 and FT3 levels in

patients with GDM than those without GDM, and the FT3 level

was positively associated with the GLU120min level after glucose

loading (r=0.06, p<0.05). However, after adjusting for BMI, blood

pressure, and other variables in logistic regression, the association

between FT3 and GDM risk was not sustained.

In a retrospective analysis involving a total of 27,513 pregnant

women, which included 3,697 cases in the GDM group, the

relationship between various TH levels and GDM was examined.

The findings revealed that pregnant women with GDM had lower

FT4 levels in comparison to those without GDM (p<0.01). A lower

FT4 level during the first trimester of pregnancy was found to be

linked with the development of GDM (p<0.01) (20). Many research

studies have verified the association between reduced FT4 levels

during the second and third trimesters of pregnancy and an elevated

risk of GDM. Nevertheless, the exact cause-and-effect relationship

between these two factors remains unclear. A meta-analysis showed
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that isolated maternal hypothyroxinaemia (IMH) was associated

with increased GDM, preterm premature rupture of membranes,

preterm birth, fetal distress, and macrosomia outcomes in IMH

compared to euthyroid women, and the relative risks were 1.42,

1.50, 1.33, 1.75 and 1.62, respectively. IMH was not associated with

placenta previa, gestational hypertension, pre-eclampsia,

intrauterine growth restriction, and off-spring outcomes like birth

weight, low birth weight infants, fetal macrosomia, neonatal

intensive care, neonatal death, or fetal head circumference (21).

However, certain studies have indicated that, even after accounting

for confounding variables, there is no statistically significant

correlation between FT4 and GDM (6, 22). The majority of

previous research has primarily focused on pregnant women with

SCH or low T4 levels, but there has been a scarcity of research

findings concerning pregnant women with normal TH. In our

study, we identified a negative correlation between FT4 and blood

glucose levels following OGTT in pregnant euthyroid women.

In addition, it has been reported that TSH binding to adipocyte

receptors stimulates the secretion of IL-6 from the cells, leading to

proliferation, differentiation, and leptin production in both

preadipocytes and adipocytes (23). These findings indicate that

adipocytes may play a role in connecting insulin resistance with

TSH. A recent study identified a positive association between TSH

levels and the homeostasis model assessment of insulin resistance

(HOMA-IR) in both individuals with diabetes and those without

diabetes. This observation suggests an independent and direct

correlation between insulin resistance and TSH levels (24). A

population-based Chinese study also showed an independent

correlation between TSH during the first trimester of pregnancy

and GDM. This association was particularly significant among

women with higher BMI values prior to pregnancy (25). In our

own study, we did not find this association, which could be

attributed to the fact that the study participants had normal TH

levels, and their TSH levels fell within the normal range. This did

not allow us to determine whether the risk of GDM increases when

TSH levels exceed the normal range.
FIGURE 2

The overall predictive accuracy of multivariate predictive model for the risk of GDM. The AUC is 0.708 (95% CI 0.66, 0.76), a specificity of 73.83%, a
sensitivity of 58.39% and an accuracy of 70.87%.
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Some studies have shown that thyroid disease and GDM could

share some common risk factors, such as age, BMI, vitamin D

deficiency, selenium level and so on (26). Additionally, our study

identified parity, BMI, blood pressure, blood lipid, UA, and HbA1c

levels as independent risk factors for GDM, confirming the findings

of earlier studies (27, 28). In order to avoid the biases, the

multivariate logistic regression was conducted using GDM as the

dependent variable after adjustment for age, BMI, parity, blood

lipid, blood pressure, UA, and sCr. In our investigation, we

established a predictive model with GDM as the dependent

variable and age, parity, blood pressure, BMI, blood lipid, HbA1c,

UA, and FT4/FT3 as independent variables. The AUC of the

prediction model was 0.708 (95% CI 0.66,0.76), the specificity was

73.83%, the sensitivity was 58.39%, and the accuracy was 70.87%,

which indicates that the model possesses a certain degree of

predictive value for the early diagnosis of GDM.

The study has several limitations. Firstly, the subjects were

enrolled from a single hospital and the sample size was limited. In

future research, it would be beneficial to involve multiple centers

and a larger sample of subjects to enhance the generalizability of the

findings. Secondly, our study solely incorporated TH data from the

first trimester of pregnancy, and we did not perform a dynamic

assessment of TH throughout the entire pregnancy. In future

research, it would be valuable to include TH measurements from

various stages of pregnancy to provide a more comprehensive

understanding of the relationship between TH and GDM.

Furthermore, in future studies, we plan to conduct a more

extensive investigation into the correlation between TH and

insulin sensitivity as well as insulin resistance. This will help

clarify the specific relationship between TH and glucose

metabolism. Finally, the correlation analysis between TH and

blood glucose revealed statistically significant but not particularly

high correlation values (r values). To better elucidate the causal

relationship between TH and blood glucose, we further conducted a

logistic regression analysis. The results of our logistic regression

analysis have indicated a causal relationship between TH and

diabetes. We believe that while the r values may not be very high,

their statistical significance still suggests a trend in the correlation

between these two variables. In future research, as the sample size

continues to grow, it may become more likely to observe a stronger

and more significant linear relationship between the variables.
5 Conclusions

This study delved into the association between the FT3/FT4

ratio and GDM in pregnant women with normal thyroid function.

It is worth noting that the study featured a substantial sample size,

effectively excluding the influence of abnormal TH on the research

outcomes. Furthermore, we constructed a prediction model for

GDM based on the FT3/FT4 ratio, and an ROC curve was generated

to evaluate its performance. The study also identified a specific cut-

off value for predicting GDM. The FT3/FT4 ratio is an independent

risk factor for GDM in the first trimester of pregnancy. When
Frontiers in Endocrinology 0860
compared with the individual components, FT4 and FT3, the FT3/

FT4 ratio exhibits greater predictive value for the development

of GDM.
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pregnancy: a pooled analysis
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Background/objective: There is no international consensus about the optimal

approach to screening and diagnosis of gestational diabetes mellitus (GDM).

Fasting plasma glucose (FPG) has been proposed as an alternative universal

screening test to simplify the diagnosis of GDM. We investigate the ability of the

FPG to predict a 2-hour glucose value below the cut-off for GDM, thereby “ruling

out” the necessity of a full OGTT and assess the proportion of GDM-related

complications associated with the identified FPG level.

Materials and methods: This study included secondary data from four

Norwegian pregnancy cohorts (2002-2013), encompassing 2960 women

universally screened with late mid-pregnancy 75g OGTT measuring FPG and

2-hour glucose. For a range of FPG thresholds, we calculated sensitivity to

predict elevated 2-hour glucose, number of OGTTs needed and percentage of

GDM cases missed, applying modified World Health Organization (WHO) 2013

criteria (2013WHO) and 2017 Norwegian criteria (2017Norwegian). We analyzed

pregnancy outcomes for women above and below our selected threshold.

Results: The prevalence of GDM was 16.6% (2013WHO) and 10.1%

(2017Norwegian). A FPG threshold of 4.7 mmol/L had a sensitivity of 76%

(2013WHO) and 80% (2017Norwegian) for detecting elevated 2-hour glucose,

with few missed GDM cases (2.0% of those ruled out and 7.5% of all GDM

cases for 2013WHO, and 1.1% of those ruled out and 7% of all GDM cases for
2017Norwegian). When excluding women with FPG <4.7mmol/l and those with

GDM based on FPG, only 24% (2013WHO) and 29% (2017Norwegian) would require
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OGTT. Women with FPG <4.7mmol/l, including missed GDM cases, had low risk

of large-for-gestational-age newborns, cesarean section and operative

vaginal delivery.

Conclusion: A FPG threshold of 4.7mmol/l as a first step when screening for

GDM could potentially eliminate the need for OGTT in 70-77% of pregnancies.

Women with FPG below this threshold appear to carry low risk of GDM-

associated adverse pregnancy outcomes.
KEYWORDS

gestational diabetes, screening, pregnancy outcomes, fasting plasma glucose, OGTT 3
Introduction

Gestational diabetes mellitus (GDM) is one of the most

common disorders of pregnancy, responsible for several adverse

outcomes in both mother and child during gestation and in the

longer term (1). Despite extensive research over the past decades,

there is still no consensus about the optimal approach to screening

strategies and diagnostic criteria for GDM, reflected by substantial

variations in clinical recommendations throughout the world (2, 3).

Although different diagnostic criteria for the identification of

GDM are used, the oral glucose tolerance test (OGTT) is endorsed by

all diabetes and health organizations as the “gold standard” diagnostic

test for GDM. The use of OGTT in a clinical setting, however, poses

several challenges. The test is poorly reproducible (4), time-

consuming, and not user-friendly (5, 6), leading to a significant

burden on the healthcare system in terms of infrastructure and cost.

While the International Federation of Gynecology and Obstetrics

strongly recommends universal testing (7) several European

countries, including Norway, practice risk-factor based selective

screening with the intention to identify the most severe cases of

GDM and, concurrently, limit the number of OGTT’s. However, this

selection process is also demanding for healthcare providers,

requiring screening of about 70% of the pregnant population (8).

Fasting plasma glucose (FPG) has been proposed as an alternative

universal screening test for GDM (9), as it is easy to administer, less

time-consuming for patients and healthcare providers, and

inexpensive (10). During the Covid-19 pandemic, in order to

minimize transmission of the virus and reduce use of medical

resources, several health authorities and professional bodies

suggested limiting the OGTT to women with FPG above a certain

threshold value, “ruling out” those with lower FPG values where the

GDM risk was considered low (11). If still recommended today, these

new strategies should, however, be balanced by the need to ensure the

best possible pregnancy outcomes for women and their infants. To

date, a number of studies have proposed FPG cut-offs to accurately

rule in and rule out GDM, with wide variation amongst different

geographical regions in the world (12–16), but few have evaluated

pregnancy complications potentially detected or missed (13, 17).

In light of this context, we aimed to explore the use of FPG to

identify women at low risk for GDM and GDM-related adverse
0263
outcomes, limiting the need for an oral glucose tolerance test

(OGTT). Our primary aim was to investigate the ability of the

FPG to predict a 2-hour glucose value below the cut-off for GDM,

thereby “ruling out” the necessity of a full OGTT, based on two

different diagnostic GDM criteria in a Norwegian pregnant

population. The secondary aim was to assess the proportion of

GDM-associated complications for the identified FPG level in order

to evaluate whether pregnancies ruled out can be safely excluded

from further post-load glucose testing.
Material and methods

Study population and setting

We used secondary data from four Norwegian population-

based birth cohort studies with a special focus on GDM. The

criteria for the selection of studies have been previously described

in detail (8). Participant characteristics for all studies are

summarized in Table S1. The merged dataset consisted of two

cohort studies (18, 19) and two randomized controlled trials (RCT)

(20, 21) collecting data between 2002 and 2013. The interventions

in the two trials consisted of either an exercise program (20) or a

combination of a physical activity component and dietary

counselling (21), but these interventions demonstrated no effect

on the incidence of GDM or the outcomes of LGA and caesarean

section. We excluded women with multiple pregnancies, those

lacking glucose values, and infants with missing birthweight. We

also excluded fetal deaths, as all except one had missing OGTT and/

or outcome data (Flow chart, Figure S1). The Norwegian Regional

Ethics committees (REC) had approved each study, and the current

study was approved by the REC South East. All participants

provided written informed consent.
Data collection

All women were offered a 75 g OGTT measuring fasting and 2-

hour (2-h) glucose levels. In the STORK Groruddalen study (22)

venous blood samples were collected in tubes containing
frontiersin.org
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ethylenediaminetetraacetic acid according to standardized

protocols, and glucose was analyzed on site in fresh, whole EDTA

blood, using HemoCue 201+ glucose analyser (Angelholm, Sweden)

calibrated for plasma. In two studies (19, 23), glucose levels were

measured in serum by the routine methods used at the participating

hospital laboratories, and blood samples were stored at -80°C. The

Fit for Delivery study measured glucose in plasma using a Cobas

6000 c501 chemistry analyzer (Roche Diagnostics) (24). Inter-essay

coefficients for each study are reported in Table S1 (CV 2.0-3.6%),

and further details about the laboratory measurements can be found

in the original studies.

During data collection, the diagnosis of GDM was made

according to the 1999 World Health Organization (WHO)

criteria (1999WHO) (FPG ≥7.0 mmol/l or 2-h glucose ≥7.8 mmol/

l). We retrospectively applied modified 2013 WHO (2013WHO)

diagnostic cut-offs (FPG ≥5.1 mmol/l or 2-h glucose ≥8.5 mmol/L,

as 1-hour glucose was not measured in the respective studies) and

the 2017 Norwegian (2017Norwegian) cut-offs (FPG ≥ 5.3 mmol/l or

2-h glucose ≥ 9.0 mmol/L) to the same OGTT. Women with GDM

by 1999-WHO criteria were informed and referred to their general

practitioner or specialist care according to protocol. Women

received standard GDM treatment in accordance with either

global guidelines in place at the time (25) or local guidelines

specific to each hospital (treatment targets provided in Table S1).

However, we lack specific information about the treatment

provided to each woman, including whether the clinicians

adhered to the guidelines. Only 12 women have been documented

as receiving pharmacological treatment.

All participants provided questionnaire data, self-reported (19–

21) or through interviews (18), with information on maternal age,

parity, smoking status and their highest level of education. Ethnic

origin was defined by the pregnant woman’s mother’s country of

birth and further merged into three groups in the current study:

European (predominantly Scandinavian), Middle Eastern/African,

and Asian (primarily South and East Asian ethnicity). Height was

measured directly on site while weight prior to pregnancy was self-

reported. Pre-pregnancy body mass index (BMI) was defined as

weight (kg) divided by height (m)2 and categorized as normal

weight (≤24.9 kg/m2), overweight (25-29.9 kg/m2) and obesity

(≥30 kg/m2).
Pregnancy and delivery outcome data

Outcome data collected at the time of birth were birthweight

(grams), gestational age at birth, delivery method (normal vaginal

delivery, cesarean section (planned or emergency), operative vaginal

delivery (vacuum extraction or forceps)), preeclampsia or severe

hypertensive disorder, and preterm delivery (<37 weeks). As in

clinical practice in Norway, LGA (sex and gestational age-specific

birthweight >90th percentile) was calculated using Norwegian

national references (26), while macrosomia for the present study

was defined as birthweight >4000 g.
Frontiers in Endocrinology 0364
Statistical analyses

The area (AUC) under the receiver operating characteristic

(ROC) curve was used to analyze the discriminative power of FPG

to predict an elevated 2-h glucose value, using the modified
2013WHO criteria and the 2017Norwegian criteria. Elevated 2-h

glucose was used instead of the diagnosis of GDM since the latter

also includes those diagnosed based on FPG. Using standard

definitions, we assessed diagnostic accuracy measures such as

sensitivity, specificity, and negative predictive value (NPV) of a

range of threshold values of FPG (varying from 4.4 to 5.0 mmol/l).

The number of OGTTs needed was analyzed after excluding women

who had GDM based on FPG alone (FPG≥5.3 mmol/l or ≥5.1

mmol/l, depending on the diagnostic criteria). In addition, we

calculated the proportion of missed GDM cases (women with

GDM according to the 2-hour glucose but “ruled out” and

excluded from the OGTT because of the specified FPG

threshold). In the process of selecting the “optimal” FPG

threshold, options that demonstrated good/acceptable sensitivity

were considered (27). The thresholds were then reviewed

individually according to diagnostic needs and clinical usefulness,

with particular emphasis on the number of required OGTTs and

missed GDM cases.

Characteristics of the women were categorized by FPG-status,

and the groups were compared using X2 statistic for categorical data

and ANOVA for continuous variables. Data are presented as

frequencies and percentages for categorical variables and mean

and standard deviations (SD) for continuous variables.

To examine the risk of pregnancy complications among missed

GDM cases (GDM according to the 2-hour glucose, but potentially

excluded from the OGTT based on low FPG), we stratified women

further into two groups: FPG below or FPG at/above the proposed

threshold (4.7 mmol/l). For both strata, multivariable logistic

regression models were performed for the pregnancy outcomes

LGA, cesarean section and operative vaginal delivery, with elevated

2-h glucose (categorized as less than or at/above 9.0 mmol/l) as the

main exposure. We adjusted for pre-specified confounders such as

maternal age, pre-pregnancy BMI, ethnicity, parity, cohort,

smoking and gestational age at birth. The effect estimates for 2-h

glucose (less than or at/above 9.0 mmol/l) is presented as odds

ratios (OR) with 95% confidence intervals (CI). The level of

significance was set as 0.05. Statistical analyses were performed

using statistical package IBM SPSS (version 23.0. Armonk, NY:

IBM Corp).
Results

Of the 2970 women included in the present study, 16.6%

fulfilled the modified 2013WHO criteria for GDM, while 10.1%

met the 2017Norwegian criteria. More than 80% of all GDM cases

were identified by elevated FPG, both by the modified 2013WHO

(≥5.1 mmol/L) and the 2017Norwegian (≥5.3 mmol/L) criteria, while

16.0% and 17.6% were identified by elevated 2-h glucose alone
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[2013WHO (≥8.5 mmol/L) and 2017Norwegian criteria (≥9.0 mmol/

L)] (Table S2).
The ability of FPG to ‘rule-out’ the need for
a full OGTT

The ROC curves along with the AUC quantifying the

performance of the FPG to predict an elevated 2-h glucose

(diagnostic for GDM) were assessed graphically (Figure 1). The

AUC was 0.81 (95% CI 0.76-0.85) using the 2017Norwegian criteria

and slightly lower (0.78, 95% CI 0.75-0.82) when the modified
2013WHO criteria were used to define GDM. A separate ROC

analysis for women with non-European background gave an AUC

of 0.70 (95% CI 0.6-0.8) using the 2017Norwegian criteria

(Figure S2).

Table 1A lists a range of threshold values for FPG with the

associated sensitivity, specificity, and negative predictive value

(NPV) using the Norwegian criteria. As the cut-off value rises, the

sensitivity of the screening test decreases and the specificity

increases. Conversely, a lower FPG threshold has high sensitivity

and identifies most women with GDM but an excessive number of

women without GDM will need to undergo the OGTT due to the

corresponding poor specificity. Based on test properties (27) and

careful clinical judgment the threshold value 4.7 mmol/L for FPG

was selected, as this threshold had an acceptable sensitivity (78.9%)

to predict elevated 2-hour glucose and appeared to offer the best

trade-off to limit the number of missed GDM cases while avoiding

unnecessary OGTTs. In total, 1855 women (62.5%) had FPG below

this threshold and could potentially be ‘ruled-out’ as non-GDM. Of

these women, 20 (1.1% of those ruled out and 6.6% of all GDM

cases) had an elevated 2-hour glucose value, and would hence be

“misclassified” as non-GDM, with the NPV being 98.9%. Of the

remaining 1111 women with FPG above the 4.7mmol/l threshold,

248 (8.4% of the entire cohort) had FPG ≥5.3 mmol/l, i.e. GDM

according to the 2017Norwegian diagnostic criteria (Table 2). Thus,
Frontiers in Endocrinology 0465
only the remaining 864 (29.1% of the entire cohort) would have to

undergo the complete OGTT.

Similar results were found for the modified 2013WHO criteria

(Table 1B), although sensitivity to predict elevated 2-hour glucose

was slightly reduced (75.8%), and the number of missed GDMs

cases was slightly higher (2.0% of those ruled out and 7.5% of all

GDM cases) for the same FPG threshold. The proportion of women

requiring further evaluation to define their GDM status on the basis

of FPG 4.7-5.0 mmol/L (number of OGTT needed) was, on the

other hand, slightly lower using these criteria (23.5%).

Thus, if the FPG was offered to all women and a FPG threshold

of 4.7 mmol/l was used to decide whether the OGTT was needed or

not, 70.9% of women in the cohort would not require further testing

when using the 2017Norwegian diagnostic thresholds, and 76.5%

when using the modified 2013WHO criteria.
Comparison of women below or above the
selected FPG threshold

Table 2 presents maternal characteristics and the proportion of

pregnancy outcomes found among women classified as low FPG

(<4.7 mmol/l), indeterminate FPG (4.7-5.2/5.0 mmol/l) and

elevated FPG (FPG ≥5.3/5.1 mmol/l) according to the
2017Norwegian criteria and 2013WHO criteria, respectively.

Women in the low FPG group had the lowest pre-pregnancy

BMI. They also had the highest proportion of primiparas and the

lowest proportion of women with a non-European ethnicity.

Furthermore, the lowest proportion of LGA, macrosomia

(>4000g) and total cesarean section was observed in women with

FPG <4.7 mmol/L and the highest proportion in the elevated FPG

groups. None of the women with FPG <4.7 mmol/l and GDM by
1999WHO criteria received insulin or other antidiabetic medication.

Table 3 reports the proportion of pregnancy complications

amongst women with GDM based on an elevated 2-hour glucose

value (≥9.0 mmol/L), after dividing the sample into those below or
FIGURE 1

ROC curve to assess the performance of fasting plasma glucose to predict elevated 2-hour glucose, applying 2017-Norwegian criteria (left) and
applying modified 2013-WHO criteria (right). AUC, area under the curve; CI, confidence interval; WHO, World Health Organization.
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at/above the FPG threshold of 4.7 mmol/l. For women with FPG

≥4.7 mmol/l [including those meeting current GDM criteria (FPG

≥5.3 mmol/L)], 2-h glucose ≥9.0 mmol/l was associated with higher

risk for LGA (OR 2.61; 95%CI 1.37-4.95) but not for cesarean

section and operative vaginal delivery. For women with FPG <4.7

mmol/l, who would not be offered an OGTT according to the

proposed strategy, 2-h glucose ≥9.0 mmol/l was not associated with

an increased risk for any of these outcomes.
Discussion

Main findings

Using data from a Norwegian sample offered universal mid-

pregnancy GDM screening, we found that a FPG threshold of 4.7

mmol/L demonstrated an acceptable sensitivity of 76-80% to

predict an elevated 2-hour glucose value (using modified
2013WHO and 2017Norwegian criteria respectively); 63% of
Frontiers in Endocrinology 0566
participants had FPG below this threshold and could be “ruled-

out” from further testing regardless of criteria used. Importantly,

this group appears to carry a low risk of a range of pregnancy

complications commonly associated with GDM. Furthermore,

because FPG is included in the diagnostic criteria, we could

identify (“rule-in”) over 80% of GDM cases using FPG alone in

our sample. This implies that if a rule-in/rule-out approach was

used, OGTT would be needed in only 24-29% of our population, i.e.

only those with FPG in the range 4.7-5.0/5.2 mmol/L.
Interpretation

FPG thresholds previously suggested as the preferred cut-off to

avoid unnecessary OGTT’s include 5.0 mmol/l in Mexican

adolescents (14), 4.8 mmol/l in Swedish women (16), 4.4 mmol/l

in both an Arab (12) and Chinese population (15), and 4.3 mmol/l

in studies from South Asia (28) and Belgium (13). The diagnostic

performance of FPG as a screening test is dependent on the
TABLE 1A Overview of the sensitivity of different thresholds of FPG to the need for an OGTT to screen for GDM (Norwegian 2017 criteria).

Threshold
FPG
(mmol/l)

No. of women
below threshold,

n (%)

No. of OGTT
needed*,
n (%)

No. of GDM
cases missed^,

n (%)°

Sensitivity for
2-h glucose, %

n/N

Sensitivity
for GDM, %

n/N

Specificity,
%

NPV
(%)

4,4 1051 (34,2) 1703 (57.4) 6 (1.9) 93,7 (89/95) 98,0 (295/301) 35.2 99,4

4,5 1298 (43,8) 1420 (47.9) 10 (3.3) 89.5 (85/95) 96,7 (291/301) 44.9 99.2

4,6 1586 (53,5) 1132 (38.1) 17 (5.6) 82.1 (78/95) 94,4 (284/301) 54.7 98.9

4,7 1855 (62.5) 863 (29.0) 20 (6.6) 78,9 (75/95) 93,3 (281/301) 63.9 98,9

4,8 2052 (69,2) 666 (22.4) 23 (7.6) 75,8 (72/95) 92,3 (278/301) 70.7 98,9

4,9 2222 (74,9) 526 (17.7) 28 (9.3) 70.5 (67/95) 90,0 (273/301) 76.7 98,7

5.0 2414 (81,4) 304 (10.2) 34 (11.3) 64.2 (61/95) 88,7 (267/301) 82.9 98,6

*Excluding women diagnosed with FPG ≥5.3 mmol/L (248 women).
^Women with FPG below stated threshold but 2-hour glucose above diagnostic criteria (>9.0 mmol/l), i.e. false negative cases.
FPG, fasting plasma glucose; OGTT, oral glucose tolerance test; GDM, gestational diabetes mellitus; NPV, negative predictive value; no, number.
n: total number of cases; %: percentage of the total study cohort; °: percentage of total GDM cases.
frontie
TABLE 1B Overview of the sensitivity of different thresholds of FPG to the need for an OGTT to screen for GDM 2013 WHO criteria.

Threshold
FPG
(mmol/l)

No. of women
below threshold,

n (%)

No. of OGTT
needed*,
n (%)

No. of GDM
cases missed^,

n (%)°

Sensitivity for
2-h glucose, %

n/N

Sensitivity
for GDM, %

n/N

Specificity,
%

NPV
(%)

4,4 1051 (34,2) 1536 (51.7) 10 (2.0) 93.5 (143/153) 98,0 (484/494) 35.8 99.0

4,5 1298 (43,8) 1254 (42.2) 20 (4.0) 86.8 (133/153) 95,9 (474/494) 45.4 98.5

4,6 1586 (53,5) 965 (32.5) 28 (5.7) 81.7 (125/153) 94,3 (466/494) 55.4 98.2

4,7 1855 (62.5) 697 (23.4) 37 (7.5) 75.8 (116/153) 92,5 (457/494) 64.6 98.0

4,8 2052 (69,2) 499 (16.8) 47 (9.5) 69.3 (106/153) 90,5 (447/494) 71.3 97.7

4,9 2222 (74,9) 329 (11.0) 56 (11.3) 63.4 (97/153) 88,7 (438/494) 77.0 97.5

5.0 2414 (81,4) 137 (4.6) 66 (13.4) 56.9 (87/153) 86,6 (428/494) 83.5 97.3

*Excluding women diagnosed with FPG ≥5.1 mmol/L (415 women).
^Women with FPG below listed threshold but 2-hour glucose above diagnostic criteria (>8.5 mmol/l), i.e. false negative cases.
FPG, fasting plasma glucose; OGTT, oral glucose tolerance test; GDM, gestational diabetes mellitus; NPV, negative predictive value; no, number.
n: total number of cases; %: percentage of the total study cohort; °: percentage of total GDM cases.
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TABLE 2 Comparison of characteristics and pregnancy outcomes between women with fasting plasma glucose below and at/above 4.7 and ≥5.3/5.1
mmol/l (2017 Norwegian cut offs and 2013 WHO cut offs).

Characteristics Total
<4.7

mmol/L

Norwegian 2017 Criteria 2013 WHO criteria

4.7-5.2
mmol/L

≥5.3
mmol/L

p
4.7-5.0
mmol/L

≥5.1
mmol/L

p

n 2967 1855 (62.5) 864 (29.1) 248 (8.4) 697 (23.5) 415 (14.0)

Maternal age (years) 30.0 (4.4) 29.9 (4.2) 30.5 (4.5) 30.7 (5.0) 0.001 30.4 (4.4) 30.6 (5.0) 0.001

Pre-pregnancy BMI (kg/m²) 23.7± 3.9 22.9 (3.3) 24.5 (4.1) 26.5 (5.7) 0.000 24.3 (4.0) 25.9 (5.3) 0.000

normalweight
2127
(71.6)

1457 (78.5) 552 (63.9) 116 (46.8) 455 (65.3) 213 (51.3)

overweight
610
(20.5)

315 (17.0) 225 (26.0) 69 (27.8) 175 (25.1) 119 (28.7)

obesity 233 (7.8) 83 (4.5) 87 (10.1) 63 (25.4) 67 (9.6) 83 (20.0)

Ethnicity 0.000 0.000

European
2570
(86.6)

1705 (91.9) 708 (81.9) 157 (63.3) 584 (83.8) 281 (67.7)

Middle East/African 174 (5.9) 68 (3.7) 68 (7.9) 38 (15.3) 48 (6.9) 58 (14.0)

Asian 223 (7.5) 82 (4.4) 88 (10.2) 53 (21.4) 65 (9.3) 76 (18.3)

Primipara, n (%)
1814
(61.1)

1174 (63.3) 517 (59.8) 123 (49.6) 0.000 424 (60.8) 216 (52.0) 0.000

Education, n (%) 0.000 0.000

Primary or less 145 (4.9) 61 (3.3) 51 (5.9) 34 (13.7) 33 (4.7) 52 (12.5)

High school education
637
(21.4)

329 (17.7) 231 (26.7) 80 (32.3) 184 (26.4) 127 (30.6)

Higher education
2180
(73.4)

1465 (79.0) 582 (67.4) 134 (54.0) 480 (68.9) 236 (56.9)

Current smoker, n (%) 80 (2.8) 41 (2.3) 30 (3.7) 9 (4.0) 0.064 24 (3.7) 15 (3.9) 0.063

Fasting glucose at OGTT
(mmol/L)

4.6± 0.5 4.3 (0.2) 4.9 (0.1) 5.7 (0.4) 0.000 4.8 (0.4) 5.4 (0.4) 0.000

2-hour glucose at OGTT
(mmol/L)

6.1± 1.3 5.7 (1.1) 6.4 (1.3) 7.2 (1.6) 0.000 6.3 (1.2) 7.0 (1.5) 0.000

Gestational age at
OGTT (weeks)

30.8 ± 2.5 31.4 (2.6) 30.1 (2.1) 29.5 (2.0) 0.000 30.2 (2.1) 29.6 (2.0) 0.000

GDM treatment

Insulin/metformin 12 (0.4) 0 4 8 4 8

Delivery

Gestational age at
delivery (weeks)

39.8 (1.6) 38.9 (1.5) 39.7 (1.6) 39.5 (1.6) 0.009 39.7 (1.6) 39.6 (1.6) 0.023

Birthweight, gram
3520
(522)

3485.7 (501) 3567.9 (529) 3607.1 (560) 0.000 3556.8 (532) 3610.1 (542) 0.000

LGA, n (%) 230 (7.7) 117 (6.3) 73 (8.4) 40 (16.1) 0.000 60 (8.6) 53 (12.8) 0.000

Macrosomia >4000g, n (%)
507
(17.1)

274 (14.8) 168 (19.4) 65 (26.2) 0.000 133 (19.1) 100 (24.1) 0.000

Total cesarean section, n (%)
446
(15.0)

244 (13.2) 143 (16.6) 60 (24.2) 0.000 113 (16.2) 90 (21.7) 0.000

Emergency cesarean section,
n (%)

298
(10.1)

171 (9.2) 85 (9.8) 42 (16.9) 0.000 68 (9.8) 59 (14.2) 0.000

(Continued)
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population tested, GDM prevalence and GDM criteria used (29, 30).

In addition, the determination of ideal test sensitivity and specificity

requires judicious assessment of harms related to missed diagnosis

as well as burdens associated with large-scale testing. A low FPG

threshold will have high sensitivity and identify most women with

GDM but an excessive number of women without GDM will need

to undergo the OGTT due to corresponding poor specificity,

putting pressure on health services and medicalizing low-risk

pregnancies. Similar to our findings, a recent Australian study

concluded that FPG ≥4.7 mmol/l had the best sensitivity and

specificity for abnormal OGTT results (31), and this preliminary

test was employed in Australia during the Covid-19 pandemic.

Although more than 70% of OGTT’s could be avoided by the

proposed strategy in our study, applying either 2013WHO or
2017Norwegian criteria, 7-8% of GDMs identified with universal

OGTT would be missed. Others have reported higher rates of

“missed GDM” for the same threshold. Van Gemert et al.

compared the use of a preliminary FPG ≥4.7 mmol/l to universal

OGTT, reporting that 29% of women who would otherwise be

diagnosed with GDM by 2013WHO criteria could be missed (11).

The contrasting finding in this study may at least to some degree be

explained by additional measurements of 1-hour glucose values

which we lacked. Nevertheless, recognizing and diagnosing GDM is

essential, as management of GDM has been associated with reduced

maternal, fetal and newborn complications (32–34). Furthermore,

the identification of GDM provides a valuable opportunity to assess
Frontiers in Endocrinology 0768
the women’s future risk of diabetes and implement preventive

measures, a possibility that would remain beyond reach without

proper identification.

In our cohort, 82-84% of all GDM cases were identified based

on FPG, making the idea of entirely abandoning an assessment of

post-load glycemia rather appealing. A single FPG test offered to all

pregnant women is a simple and low-cost option to diagnose GDM.

However, the proportion of women diagnosed by FPG in our study

was much higher than reported by others, including the

multinational HAPO study, where 55% were diagnosed with

GDM by FPG, using 2013WHO criteria (35). Given the wide

variability in the percentage of women diagnosed exclusively by

FPG, probably explained by factors such as ethnicity and varying

rates of obesity (35, 36) continued use of OGTT seems indicated.

Few previous studies have addressed whether pregnancies with

FPG below a proposed threshold are in fact associated with low

rates of GDM-associated complications. McIntyre et al. examined

the outcomes associated with the Australian Covid-19 model of

limiting GDM testing to those with FPG ≥4.7 mmol/l, using a subset

of the Hyperglycemia and Adverse Pregnancy Outcome (HAPO)

study (37). Broadly consistent with our findings, participants with

FPG <4.7 mmol/L had lower rates of pregnancy complications than

those above this threshold. A recent Belgian study assessed

pregnancy outcomes for a FPG threshold of 4.3 mmol/l, finding a

better metabolic profile and low incidence of adverse outcomes

below this cut-off (13), but the clinical relevance may be limited as
TABLE 2 Continued

Characteristics Total
<4.7

mmol/L

Norwegian 2017 Criteria 2013 WHO criteria

4.7-5.2
mmol/L

≥5.3
mmol/L

p
4.7-5.0
mmol/L

≥5.1
mmol/L

p

Preterm birth 108 (3.6) 67 (3.6) 28 (3.2) 13 (5.2) 0.331 22 (3.2) 19 (4.6) 0.470

Preeclampsia 98 (3.6) 62 (3.7) 27 (3.3) 9 (3.8) 0.861 22 (3.4) 14 (3.6) 0.908

Operative vaginal delivery,
n (%)

386
(13.0)

242 (13.1) 109 (12.6) 34 (13.7) 0.893 91 (13.1) 52 (12.5) 0.958
frontier
P values refer to comparison between the three groups using ANOVA.
FPG, fasting plasma glucose; OGTT, oral glucose tolerance test; BMI, body mass index; GDM, gestational diabetes; WHO, World health organization; LGA, large for gestational age.
TABLE 3 Pregnancy outcomes stratified according to fasting plasma glucose (2017 Norwegian criteria).

Delivery outcomes Total <4.7 mmol/L ≥4.7 mmol/L

2-hour glucose values <9.0 >9.0 aOR* (95% CI) <9.0 >9.0 aOR* (95% CI)

n 2967 1835 20 831 33

Birthweight, gram 3520 (522) 3488 3243 3564 3663

LGA, n (%) 230 (7.7) 116 (6.3) 1 (5.0) 1.01 (0.12-7.91) 67 (8.1) 6 (18.2) 2.612 (1.37-4.95)

Macrosomia >4000g, n (%) 507 (17.1) 237 (14.9) 1 (5.0) 161 (19.4) 7 (21.2)

Total cesarean section, n (%) 446 (15.0) 240 (13.1) 4 (20.0) 1.20 (0.38-3.84) 137 (16.5) 6 (18.2) 1.040 (0.58-1.85)

Preterm birth 108 (3.6) 65 (3.5) 2 (10.0) 27 (3.2) 1 (3.0)

Preeclampsia 89 (3.6) 61 (3.7) 1 (5.6) 27 (3.5) 0

Operative vaginal delivery, n (%) 386 (13.0) 167 (9.1) 2 (10.0) 1.018 (0.37-2.75) 84 (10.1) 3 (9.1) 1.087 (0.65-1.80)
Significant values in bold.
*Adjusted for age, prepreg BMI, parity, ethnicity, cohort, smoking (LGA only) and gestational age at birth (ceserean section and operative delivery).
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this threshold excludes few women from testing. Our findings

indicate that women with FPG <4.7 mmol/l had a better

metabolic profile, with less overweight/obesity, compared to

women with higher FPG. In addition, pregnancies with FPG <4.7

mmol/l had low rates of LGA, macrosomia and total cesarean

section, indicating that these women can safely continue routine

care. However, long-term health risks in these women and their

children, particularly related to type 2 diabetes, are unknown.

We have previously reported that selection criteria for BMI and

age currently used in Norway would result in recommending OGTT

to about 70% of women with European ethnicity in our sample (8).

The results from the current study lend support to the universal use

of FPG as an alternative to risk-profiling for selectively offering the

OGTT, with the potential to limit the use of OGTT to less than 30%

of all pregnancies and achieve similar sensitivity of about 80%.

Additionally, it may avoid potentially stigmatizing selection based

on age, BMI and ethnicity.

However, the proposed screening strategy requires certain

logistics to be in place in order to make the implementation

successful. Ideally, the fasting venous sample would have to be

analyzed without delay by a measure with acceptable validity and

reliability and at the same facility. This should be followed by an

immediate decision as to whether a full OGTT is required, thereby

avoiding prolonged waiting time and enabling women to complete

the test on the same day as the fasting blood test. Moreover, our

study is centered on GDM diagnosis made late in pregnancy. In

light of a recent RCT indicating potential benefits of early screening

(38), the matter of early versus late screening also warrants further

consideration and exploration.
Strengths and weaknesses

Our study has several strengths. We merged previously

collected maternal and offspring data from four cohorts, allowing

more powerful and flexible analyses. Moreover, there is no pre-

selection bias as an OGTT was offered to all included women.

Importantly, most previous studies that have explored the

performance of FPG provide limited or no information on

adverse pregnancy outcomes.

The main limitation of our study is that glucose results were not

blinded and women with GDM diagnosed by 1999WHO criteria

were routinely treated. This implies that conclusions drawn about

likely clinical outcomes for women classified as “missed GDMs”

may be inaccurate, as patients had a known diagnosis and received

care, although none of these women received pharmacological

treatment. Nonetheless, our results are comparable to those of

McIntyre et al., which used a population blinded to OGTT results

in their retrospective analysis of FPG and pregnancy outcomes (17).

Additionally, our sample had slightly lower rates of obesity than our

background population (7.8% vs. 12-12.5% nationally in 2007-

2013) (39). This may affect the prevalence of GDM and its

associated outcomes, and the proportion of GDM identified by

FPG. The pre-analytical processing and measurement of glucose is

critical for accuracy in GDM diagnosis. Differences in sampling and

analytical procedures across studies (one study used point-of-care
Frontiers in Endocrinology 0869
whole blood glucose and two studies used serum) is another

weakness of the current study, potentially affecting the uniformity

of GDM diagnosis. Despite high precision for glucose measurement

in all studies (small CV’s), we cannot rule out that minor bias may

have been introduced. Furthermore, the 1-hour glucose was not

measured in any of the four cohorts. In the HAPO study

population, 5.7% additional GDMs were identified by the 1-hour

values when using the 2013WHO criteria (40), and a higher

prevalence of GDM in our study could be expected if such data

were available. Finally, very few women were diagnosed based on 2-

hour glucose alone (16-18% of GDM cases) which makes analysis of

women in this category difficult due to power limitations.

Importantly, the proposed approach may not circumvent as many

OGTTs in other populations as indicated by our study and such

differences may need to be considered when extrapolating our

results to other settings (i.e. to more high-risk populations). If

implemented, this screening procedure should be followed by

careful assessment of any potential increase in unwanted

pregnancy outcomes. Further studies are needed to compare

current risk-factor based screening strategies with a “rule-in, rule-

out” procedure with focus on birth outcomes and cost-effectiveness.
Conclusion

Our study suggests that a two-step approach to GDM screening,

with an initial universal FPG and exclusion of low-risk women from

further testing, could potentially limit the use of OGTT to less than

30% of all pregnancies. A FPG threshold of 4.7 mmol/l appears to

identify women at low risk of both elevated 2-hour glucose and

GDM-associated adverse pregnancy outcomes. Additional studies

are needed to validate our findings and confirm the safety of this

screening approach, including long-term health outcomes,

especially in populations where a higher proportion of women are

diagnosed with GDM from post-load values.
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SUPPLEMENTARY FIGURE 1

Flowchart of included studies and excluded participants from each study.

SUPPLEMENTARY FIGURE 2

ROC curve to assess the performance of fasting plasma glucose to predict

elevated 2-hour glucose in women with non-European background (A)
applying 2017Norwegian criteria (B) applying modified 2013WHO criteria

AUC, area under the curve; CI, confidence interval; WHO, World
Health Organization.
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Background: Previous research on the association between risk factors and

gestational diabetes mellitus (GDM) primarily comprises observational studies

with inconclusive results. The objective of this study is to investigate the causal

relationship between 108 traits and GDM by employing a two-sample Mendelian

randomization (MR) analysis to identify potential risk factors of GDM.

Methods:We conducted MR analyses to explore the relationships between traits

and GDM. The genome-wide association studies (GWAS) for traits were primarily

based on data from the UK Biobank (UKBB), while the GWAS for GDM utilized

data from FinnGen. We employed a false discovery rate (FDR) of 5% to account

for multiple comparisons.

Results: The inverse-variance weighted (IVW) method indicated that the

genetically predicted 24 risk factors were significantly associated with GDM,

such as “Forced expiratory volume in 1-second (FEV1)” (OR=0.76; 95% CI: 0.63,

0.92), “Forced vital capacity (FVC)” (OR=0.74; 95% CI: 0.64, 0.87), “Usual walking

pace” (OR=0.19; 95% CI: 0.09, 0.39), “Sex hormone-binding globulin (SHBG)”

(OR=0.86; 95% CI: 0.78, 0.94). The sensitivity analyses with MR-Egger and

weighted median methods indicated consistent results for most of the trats.

Conclusion: Our study has uncovered a significant causal relationship between

24 risk factors and GDM. These results offer a new theoretical foundation for

preventing or mitigating the risks associated with GDM.
KEYWORDS

risk factor, gestational diabetes mellitus, Mendelian randomization, UK
biobank, FinnGen
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Introduction

Gestational diabetes mellitus (GDM) is the occurrence of

hyperglycemia of varying severity due to impaired glucose tolerance,

which is first diagnosed during pregnancy (1, 2). According to the

International Diabetes Federation, it is estimated that GDM will affect

one out of every six live newborns worldwide in 2019 (3). GDM

significantly impacts both maternal and fetal health, as indicated by

previous studies (4). Furthermore, GDM not only worsens short-term

adverse outcomes during pregnancy (5–7) but also increases the long-

term likelihood of developing type 2 diabetes mellitus (T2DM) among

women (8, 9), which has been linked to various complications (10–16).

Observational research has identified multiple associations

between various risk factors and GDM (17–19). However, these

investigations are susceptible to confounding variables that may

influence their findings. Additionally, the casual association

proposed by these observational studies may lack statistical

validity due to inconsistent study designs, conflicting findings,

and substantial variability across different settings. Consequently,

there is inadequate evidence available within these associations to

establish a direct causal link between risk factors and GDM.

In order to address the aforementioned challenges, we employed

Mendelian randomization (MR) as a method to mitigate biased

estimation and reverse causation in the relationship between traits

and GDM. In MR analysis, single nucleotide polymorphisms (SNPs), a

type of genetic variation, are utilized as instrumental variables (IVs).

Statistical techniques are utilized in this approach to evaluate the

presence of a causal association between exposures and outcomes.

Genetic variants serve as suitable IVs due to their random distribution

during meiosis. Consequently, they exhibit reduced susceptibility to

confounding influences. Hence, if these genetic variants are randomly

distributed within a population, the observed causal relationships

between exposures and outcomes are not likely due to potential

confounders such as environmental risks, lifestyle choices, or

socioeconomic status (20). Thus, MR design is employed in this

study to systematically investigate the causal associations between

108 traits and GDM to identify the potential risk factors of GDM.
Methods

Study design

Utilizing datasets obtained from genome-wide association

studies (GWAS), we identified significant SNPs associated with

108 traits as exposure variables. These SNPs were employed as IV,
Abbreviations: GDM, Gestational Diabetes Mellitus; MR, Mendelian

randomization; IVs, instrumental variables; GWAS, genome-wide association

study; UKBB, UK Biobank; IVW, inverse-variance weighted; FDR, false discovery

rate; FEV1, Forced expiratory volume in 1-second; FVC, Forced vital capacity;

SHBG, Sex hormone-binding globulin; HDL, High-density lipoprotein; OR, odds

ratio; CI, confidence interval; T2DM, type 2 diabetes; SNPs, single nucleotide

polymorphisms; LD, linkage disequilibrium; MAF, minor allele frequency; IGF-1,

Insulin-like growth factor 1.
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and a MR analysis was conducted to evaluate the causal relationship

between the 108 traits and GDM.
Data sources

To adhere to the principles of a two-sampleMR design, we sourced

exposure and outcome data from distinct European populations as

previously described (21–23). We extracted minimally adjusted GWAS

summary statistics for our variables of interest from the largest available

sample. This dataset included individuals of both sexes and European

or mixed ancestry. Our selection process for summary statistics of 108

exposure variables followed a previously described procedure outlined

in Supplementary Figure 1 (24). While most exposure GWAS studies

utilized data from the UKBB (detailed information can be found in

Supplementary Table 1), the dataset for GDM, as outcome, relied on

information sourced from FinnGen, a significant biomedical research

initiative based in Finland.
Selection of IVs

IVs were selected for theMR analysis based on specific criteria. The

criteria included a significant genetic relationship between IVs and

exposure, with a P-value < 5× 10-8. Independent IVs were identified by

performing clumping within a 10 Mb window and considering linkage

disequilibrium (LD) with an R2 value below 0.001. Furthermore,

following previous studies, only IVs with a minor allele frequency

(MAF) greater than 0.01 were considered in our analysis. Palindromic

SNPs were excluded from the analysis due to their intermediate allele

frequencies (25). F-statistics were computed to assess the strength of

the IVs; values exceeding 10 indicated reduced likelihood of weak

instrument bias (refer to Supplementary Table 2) (26).
MR analysis and sensitivity analysis

The main technique employed in the MR analysis was the IVW

method. Furthermore, both the weighted median technique and MR-

Egger approaches were utilized. The MR-Egger intercept test was

employed to evaluate the existence of horizontal pleiotropy. To

address potential outliers, pleiotropy-corrected data from MR-

PRESSO were incorporated. The degree of heterogeneity was

examined using the Cochrane Q value. We conducted a leave-one-

out sensitivity analysis to evaluate how each IV impacted causal

relationships and ensure robustness of findings. The calculation of

causal effects involved the use of odds ratios (ORs) along with their

corresponding 95% confidence intervals (CIs). Multiple comparisons

were conducted using a false discovery rate (FDR) of 5%. All MR

analyses in R were conducted using the TwoSampleMR package.
Results

Out of a pool of 108 variables, SNPs were selected as IVs for

potential risk factors according to predetermined inclusion and
frontiersin.org
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exclusion criteria. The findings were interpreted based on FDR-

adjusted threshold. Using the IVW technique in MR analysis, we

found significant relationships of 24 genetically predicted risk

factors, such as “Apoliprotein A” (OR= 0.83; 95% CI: 0.76, 0.91),

“Forced expiratory volume in 1-second (FEV1)” (OR=0.76; 95% CI:

0.63, 0.92), “Insulin-like growth factor 1 (IGF-1)” (OR=1.16; 95%

CI: 1.08, 1.26) and “Usual walking pace” (OR=0.19; 95% CI: 0.09,

0.39), with GDM (Figures 1, 2, Supplementary Table 3). The F-

statistics for the IVs of the 24 risk factors ranged from 28.62 to

9445.10, indicating good instrument strength (Supplementary

Table 2). Except for triglycerides, we found that 23 risk factors

consistently showed a significant association with GDM in the same

direction when analyzed using both MR-Egger and weighted

median techniques (Supplementary Table 3). The scatter plot in

Figure 3 illustrated the causal relationships between all the 24 traits

and GDM. The possible heterogeneity was also examined (Figure 4,

Supplementary Table 4). Horizontal pleiotropy was estimated in

our causality assessment based on analysis using MR-Egger

technique as shown in Supplementary Table 5, and MR-PRESSO

analyses indicated consistent findings after removing outlier IVs

(Supplementary Table 6). The leave-one-out analysis demonstrated
Frontiers in Endocrinology 0374
that no single SNP was solely responsible for the observed

outcomes, as shown in Supplementary Figure 2.
Discussion

This study employed a two-sample MR analysis to investigate

the causal relationship between traits and GDM. The analysis

incorporated GWAS summary statistics from public databases.

The findings indicated significant causal associations between 24

risk factors and the risk of GDM. These risk factors will be discussed

in detail across four subsequent paragraphs based on their

respective categories.
Body size measures and body composition
by impedance analysis

Body size measurements and body composition evaluated using

impedance analysis are important indicators for assessing obesity.

Overweight or obese women have up to a four-fold increased risk of
FIGURE 1

The P-value distribution of associations between 24 risk factors and GDM in the Mendelian randomization analysis. The red dashed line indicates the
significance threshold adjusted by false discovery rate. The blue dash-dotted line indicates the suggestive significance threshold, set at P = 0.05.
FVC, Forced vital capacity; FEV1, Forced expiratory volume in 1-second; HDL, High-density lipoprotein; IGF-1, Insulin-like growth factor 1; SHBG, Sex
hormone-binding globulin.
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developing GDM (27). We found a significant causal relationship

between GDM and various body size measurements such as body

mass index (BMI), weight, waist-to-hip ratio (WHR), and waist

circumference (WC) in our study. Additionally, we observed

correlations among several measures of body composition

determined through impedance analysis including trunk fat mass,

trunk fat percentage, whole-body fat mass, and body-fat percentage.

Previous studies have demonstrated a strong association between

gestational weight gain and both gestational impaired glucose

tolerance and GDM (28, 29). Obesity and being overweight are

significant risk factors for acquiring GDM (4). A recent study

revealed that obesity and visceral adiposity are correlated with an

elevated risk of developing GDM. Furthermore, it highlighted that

among these factors, visceral adiposity specifically poses a higher

risk for GDM (17). BMI, as a measure of general obesity, has been
Frontiers in Endocrinology 0475
reported to show an association with the prevalence of GDM.

Specifically, there is evidence suggesting that every 1 kg/m²

increase in pre-pregnancy BMI leads to a rise in GDM prevalence

by 0.92% (30). Central obesity refers to an excessive accumulation

of abdominal fat which can be assessed using markers such as WHR

and WC measurements (31). Previous literature has demonstrated

an association between maternal central obesity in the first trimester

of pregnancy and a higher occurrence of GDM (31, 32). The

presence of visceral adipose tissue can be easily explained as it

directly contributes to the pathogenesis of hyperglycemia. It does so

by secreting various substances such as thrombogenic agents,

inflammatory compounds, and inhibitors of adiponectin. These

substances negatively impact glucose metabolism, increase insulin

resistance and facilitate the development of metabolic syndrome

along with subsequent cardiovascular diseases (33, 34).
FIGURE 2

Associations between genetically predicted 24 risk factors and GDM examined by IVW methods. GDM, Gestational Diabetes Mellitus; IVW, inverse-
variance weighted; FVC, Forced vital capacity; FEV1, Forced expiratory volume in 1-second; HDL, High-density lipoprotein; IGF-1, Insulin-like growth
factor 1; SHBG, Sex hormone-binding globulin; OR, odds ratio; CI, confidence interval.
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Biomarkers

A meta-analysis revealed a significant association between

elevated fasting glucose levels and a nearly two-fold increase in

the risk of developing GDM (27). Moreover, a recent study has

established an association between elevated fasting glucose during

the initial stages of pregnancy and the subsequent onset of GDM

(35). Enquobahrie et al. reported that for every increase in

triglyceride content by 20 mg/dL, there is a 10% higher likelihood

of developing GDM (36). Hypertriglyceridemia increases the risk

for macrosomia due to factors such as insulin resistance caused by

elevated triglycerides along with reduced lipoprotein lipase

function. Macrosomia results in excessive fetal growth, obesity, as

well as accumulation and release of fatty acids in cord blood and

fetal adipose tissue (37). Previous research demonstrates an inverse

correlation between serum HDL-c concentration and the risk of

GDM and macrosomia. Additionally, even a slight increase in

HDL-c levels serves as a protective factor against these conditions

(38). Apolipoprotein A-1 is the primary lipoprotein associated with

HDL-c. In contradiction to our results, a previous cohort study

reported no association between serum Apolipoprotein A-1 levels,

insulin resistance, or the risk of GDM in human subjects (39).

However, since this study was observational, it cannot fully

eliminate potential confounding variables as contributors to this

discrepancy. Sex hormone binding globulin (SHBG), derived from

the liver, is expressed in the placenta and acts as a regulator of sex

steroid hormones. SHBG levels in the first trimester of pregnancy

have been identified as reliable biomarkers for GDM (40, 41). There

exists a negative correlation between SHBG and T2DM (42). Several
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previous studies have not only identified HbA1c as a diagnostic tool

for GDM (43–45) but have also established a relationship between

an HbA1c level above 7% in early pregnancy and adverse maternal

outcomes (45). Fetal IGF-1 plays a crucial role in fetal growth due to

its mitogenic and metabolic properties (46). According to Schwartz

et al, an increase in IGF-1 concentration within umbilical cord

blood contributes to accelerated intrauterine fetal growth (47).
Physical measures

Forced vital capacity (FVC) and FEV1 are commonly used

indicators of lung function (48, 49). Consistent with previous

research, our study identified a significant inverse causal

association between FVC, FEV1, and GDM. A prior study has

reported a significant association between restrictive ventilatory

dysfunction assessed through FVC and FEV1 measurements with

an elevated risk of T2DM, whereas no such relationship was

observed for obstructive ventilatory dysfunction evaluated using

the FEV1/FVC ratio (50). Emerging evidence indicates that

inflammatory markers such as C-reactive protein and interleukin-

6 might contribute to the association between T2DM and decreased

FEV1 and FVC (51).
Lifestyle

Our study identified a negative causal relationship between

usual walking pace and GDM, consistent with prior research in this
FIGURE 3

Scatter plot showing the causal effects of 24 risk factors on GDM. SNP, single nucleotide polymorphism; GDM, Gestational Diabetes Mellitus; HDL,
High-density lipoprotein; SHBG, Sex hormone-binding globulin; IGF-1, Insulin-like growth factor 1; FVC, Forced vital capacity; FEV1, Forced
expiratory volume in 1-second.
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field. Previous studies have suggested a robust correlation between

the usual walking pace and a decreased likelihood of developing

GDM (52). Furthermore, these studies revealed that women

reporting faster speeds or longer durations during regular walks

exhibited reduced risks of developing GDM when compared to

those with slower speeds and shorter durations (52). Exercise leads

to a significant increase in muscle glucose uptake. Exercise can

increase muscle glucose uptake by up to 100 times when compared

to resting conditions in humans (53). Increased glucose supply to

the contracting skeletal muscles is made possible by the increase in

blood flow and capillary recruitment during exercise (54).
Strengths and limitations

The current study possesses three significant strengths. Firstly,

previous observational studies have suggested an increased risk of

GDM onset in association with long-term maternal residence in an

environment characterized by a mixture of PM2.5, PM10, NO2, and

PM2.5 chemical constituents (55). However, the MR method can help

mitigate the influence of confounding factors on the results. This

method involves selecting a SNP that is strongly associated with the

exposure of interest as the IV. By utilizing this SNP, individuals can be

randomly assigned to the exposure, ensuring comparability of the

population in terms of both known and unknown confounders.

Secondly, we conducted a comprehensive investigation of the causal

relationship between 108 traits and GDM. Thirdly, we employed a
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variety of sensitivity analyses to verify the results of our main analyses

using IVWmethod. Lastly, during our assessment of pleiotropy within

the MR analysis framework, we utilized MR-PRESSO method to

provide outlier-corrected results.

However, our study has several limitations. Firstly, the scope of

our investigation was limited to people of European descent.

Consequently, the generalizability is impacted by this restriction.

Further studies on diverse population groups are still needed in

future research. Secondly, there might be potential selection bias

affecting our results as individuals who died due to competition risk

related outcomes might be missed in the GWAS analysis. Thirdly,

due to the utilization of GWAS summary data, we were unable to

stratify the data by variables such as age and gender, potentially

introducing population bias. Finally, we could not assess any

potential non-linear association between risk factors and GDM.

Future research utilizing extensive biobanks may offer insights into

the complex relationship between traits and GDM.
Conclusion

The present study has established a substantial and causative

association between multiple risk factors and GDM. The MR

analysis revealed statistically significant inverse associations of

usual walking pace, FEV1 and FVC with GDM risk. This finding

introduces novel insights that can guide future strategies aimed at

preventing or mitigating the risks associated with GDM.
FIGURE 4

Funnel plot indicating the causal associations of 24 risk factors on GDM. SNP, single nucleotide polymorphism; GDM, Gestational Diabetes Mellitus;
HDL, High-density lipoprotein; SHBG, Sex hormone-binding globulin; IGF-1, Insulin-like growth factor 1; FVC, Forced vital capacity; FEV1, Forced
expiratory volume in 1-second; IV, instrumental variable; SE, standard error.
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Introduction: Women with migration background present specific challenges 
related to risk stratification and care of gestational diabetes mellitus (GDM). 
Therefore, this study aims to investigate the role of ethnic origin on the risk of 
developing GDM in a multiethnic European cohort.

Methods: Pregnant women were included at a median gestational age of 
12.9  weeks and assigned to the geographical regions of origin: Caucasian 
Europe (n  =  731), Middle East and North Africa countries (MENA, n  =  195), 
Asia (n  =  127) and Sub-Saharan Africa (SSA, n  =  48). At the time of recruitment 
maternal characteristics, glucometabolic parameters and dietary habits were 
assessed. An oral glucose tolerance test was performed in mid-gestation for 
GDM diagnosis.

Results: Mothers with Caucasian ancestry were older and had higher blood 
pressure and an adverse lipoprotein profile as compared to non-Caucasian 
mothers, whereas non-Caucasian women (especially those from MENA 
countries) had a higher BMI and were more insulin resistant. Moreover, 
we found distinct dietary habits. Non-Caucasian mothers, especially those from 
MENA and Asian countries, had increased incidence of GDM as compared to the 
Caucasian population (OR 1.87, 95%CI 1.40 to 2.52, p  <  0.001). Early gestational 
fasting glucose and insulin sensitivity were consistent risk factors across different 
ethnic populations, however, pregestational BMI was of particular importance in 
Asian mothers.

Discussion: Prevalence of GDM was higher among women from MENA and 
Asian countries, who already showed adverse glucometabolic profiles at early 
gestation. Fasting glucose and early gestational insulin resistance (as well as 
higher BMI in women from Asia) were identified as important risk factors in 
Caucasian and non-Caucasian patients.
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1 Introduction

In parallel to the rising rates of metabolic disorders that affect the 
general and progressively more the reproductive-aged younger 
population, the prevalence of gestational diabetes mellitus (GDM) has 
increased over the last decades. Nowadays, the global prevalence of GDM 
ranges between 12 and 18% of pregnancies, with regional prevalence 
varying from 7% in North America to 27% in MENA countries (1–3). 
Thereby, hyperglycemia does not only elevate the risk of adverse outcome 
for women and offspring during pregnancy and at birth, but also the long-
term risk of cardiovascular disease and type 2 diabetes (4).

It is known that the GDM prevalence markedly differs between 
different ethnic populations and hence, the region of origin has been 
recognized as a non-negligible risk factor. However, detailed data about 
each area and its specific role and importance are sparse and sometimes 
conflicting (4–9). Although Asian populations and women from the 
Sub-Saharan region have long been recognized as being at high risk of 
developing the disease, women from other regions are also often 
affected (3, 10, 11). For example, more recent evidence suggests an 
increased prevalence of GDM in pregnant women from the Middle East 
and North Africa countries as compared to other populations (3, 12). 
Migration has been steadily rising and the countries of origin have 
greatly diversified over the past years. As a consequence, women with 
migration background were reported to constitute up to 8–14% of the 
collective of pregnant women in two Nordic countries (8, 13). In this 
context, pregnant women with migration background (especially those 
from other continents) present specific challenges related to detection 
and care of GDM that need to be addressed (14). However, prospective 
studies, including information of clinical features, metabolic parameters 
and dietary habits in multiethnic cohorts are sparsely available.

Therefore, this study aims to investigate and refine the possible 
role of non-Caucasian ancestry for the development of GDM in a 
multiethnic European cohort. Moreover, ethnic specific differences in 
glucometabolic parameters and dietary habits at start of pregnancy as 
well as possible differences in their contribution for GDM 
development will be assessed in different ethnic groups.

2 Methods

2.1 Study design and patients

The study design is reported in detail elsewhere (15). In short, 
pregnant women who participated in this prospective cohort study were 
recruited among patients attending the pregnancy outpatient clinic at the 
Department of Obstetrics and Gynaecology, Division of Obstetrics and 
feto-maternal Medicine, Medical University of Vienna between 2016 and 
2019. Patients with preexisting diabetes (such as type 1 or type 2 diabetes) 

or those with early gestational glycated haemoglobin A1c (HbA1c) equal 
or exceeding 6.5% at study entry were excluded. Study participants were 
included at a median gestational age of 12.9 weeks, interquartile range 
(IQR) 12.3 to 13.6 weeks. An assessment of maternal characteristics (e.g., 
maternal age, parity, obstetric history, family history of diabetes, as well 
as women’s height and pregestational weight and body mass index 
(BMI)) were assessed at time of recruitment. Moreover, we collected 
detailed information about the country of origin of participating women 
and their parents. Therefore, we  defined five geographical regions: 
Caucasian (n = 731), Middle East and North Africa (MENA, n = 195), 
Asia (n = 127), Sub Saharan African (SSA, n  = 48) and Others and 
assigned each country present in our cohort to one region according to 
the definition of the NCD Risk Factors Collaboration (NCD-RisC) (16). 
We only included women whose parents’ countries of birth were known 
and situated within the same region and hence excluded 22 women. In 
the non-Caucasian cohort, about 88.2% of women were first generation 
migrants and 11.8% were second generation migrants. Table 1 gives an 
overview of the number of women included and their regions and 
countries of origin. Thereafter, participants were followed-up until 
delivery to assess status of GDM and pregnancy outcomes.

2.2 Metabolic characterization

At time of recruitment, fasting plasma glucose (FPG), insulin and 
HbA1c as well as triglycerides, total-cholesterol, LDL-cholesterol and 
HDL-cholesterol were assessed and the homeostasis model assessment 
of insulin resistance (HOMA-IR) was evaluated (17). Universal 
Screening of GDM was routinely performed by use of a 75 g 2 h oral 
glucose tolerance test (OGTT) in the late second or early third trimester. 
Thereby, the diagnosis of GDM was based on the cut-offs after oral 
glucose load proposed by the International Association of the Diabetes 
and Pregnancy Study Groups (IADPSG) criteria (18). The standard 
laboratory methods at our certified Department of Medical and 
Chemical Laboratory Diagnostics1 were used to determine all laboratory 
parameters in this study. According to the international and local 
guidelines, glucose measurements during the diagnostic OGTT were 
assessed by use of venous plasma blood samples at local public 
laboratories (19). Moreover, a food frequency questionnaire was used at 
time of inclusion to address dietary habits at the start of pregnancy (20).

2.3 Ethics approval

The Ethics Committee of the Medical University of Vienna 
approved the study (EK 1937/2015). The study was performed in 
accordance with the Declaration of Helsinki. All participants gave 
written informed consent.

2.4 Statistical analysis

Continuous variables were reported as mean ± standard deviation 
and in case of skewed distributed data as median and interquartile 

1  http://www.kimcl.at

Abbreviations: BMI, body mass index; FPG, fasting plasma glucose; GDM, gestational 

diabetes mellitus; HbA1c, glycated haemoglobin A1c; HDL-cholesterol, high density 

lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin 

resistance; IADPSG, International Association of the Diabetes and Pregnancy Study 

Groups; IQR, interquartile range; LDL-cholesterol, low density lipoprotein 

cholesterol; LGA, large for gestational age; MENA, Middle East and North Africa; 

NCD-RisC, Non-Communicable Diseases Risk Factors Collaboration; OGTT, oral 

glucose tolerance test; SSA, Sub Saharan African.
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ranges (IQR). These were compared by either Welch’s t-test (for two 
samples) and analysis of variance (for more than two samples), or rank 
based “nonparametric” inference such as the Kruskal Wallis Test, 
respectively. Categorical variables were summarized by counts and 
percentages and compared by binary logistic regression, whereby odds 
ratios and 95% Confidence Intervals (95%CI) were calculated for 
dichotomous outcomes (such as the development of GDM) by binary 
logistic regression. Multiple logistic regression was further used to 
identify a possible effect of non-Caucasian ethnicity on the risk of GDM 
adjusted for various confounders. Thereby, stepwise variable selection 
was used to identify the model with the lowest (i.e., best) Akaike’s 
information criterion (AIC). For comparison of more than two groups 
with one reference group we used Dunnett’s post hoc test to achieve a 
95% coverage probability. We further used recursive partitioning to 
calculate variable importance metrics as the average difference in 
predictive accuracy before and after random permutation of the values 
of a predictor variable over 106 random decision trees (21). Statistical 

analysis was performed with R (version 4.2.2) and contributing packages 
(especially “multcomp,” “nparcomp” and “randomForest” as well as 
“ggplot2” for visualisations) (22, 23). A two-sided p-value of ≤0.05 was 
considered statistically significant. All reported p-values were 
interpreted in an explorative manner aiming to generate new hypotheses.

3 Results

3.1 Characteristics of women with different 
ethnicity at early pregnancy

Characteristics of Caucasian and non-Caucasian study 
participants are provided in Table 2. Pregnant women of Caucasian 
origin were older, more often nulliparous and used assisted 
reproduction more frequently. Moreover, Caucasian mothers were 
more likely to smoke (or to be former smokers) and characterized 

TABLE 1  List of countries and study participants included for each region.

Region Country n Region Country n Region Country n

Europe Albania 3 Middle East and North Africa 

(MENA)

Algeria 1 Africa Cameroon 1

Austria 272 Egypt 16 Congo 4

Belarus 1 Iran 7 Cote d’Ivoire 1

Bosnia 51 Iraq 7 Ethiopia 1

Bulgaria 16 Jordan 1 Gambia 1

Croatia 19 Lebanon 2 Ghana 1

Czech Republic 9 Syria 32 Nigeria 13

Denmark 1 Tunisia 2 Somalia 25

Estonia 1 Turkey 127 Sudan 1

Finland 1 Asia Afghanistan 52 Others Bolivia 1

France 1 Armenia 2 Chile 1

Germany 20 Azerbaijan 1 Ecuador 1

Greece 2 Bangladesh 8 El Salvador 1

Hungary 12 China 8 Haiti 1

Italy 5 India 12 Peru 3

Kosovo 28 Georgia 4 USA 1

Latvia 1 Kazakhstan 2

Moldavia 1 Kyrgyzstan 1

North Macedonia 15 Mongolia 2

Poland 27 Pakistan 8

Romania 48 Philippines 17

Russia 28 Uzbekistan 5

Serbia 131 South/North 

Korea

1

Slovakia 25 Sri Lanka 2

Spain 5 Thailand 1

Switzerland 1 Vietnam 1

Ukraine 4

United Kingdom 3

If both parents were born in different countries in the same region, the country of birth of the mother was considered in this table.
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by higher blood pressure and increased total-cholesterol, 
LDL-cholesterol but also HDL- and non-HDL-cholesterol as 
compared to non-Caucasian mothers at the beginning of pregnancy. 
In contrast, non-Caucasian women were more often multiparous, 
and showed higher BMI as well as a higher degree of insulin 
resistance associated with modestly higher HbA1c, fasting glucose 
and insulin levels. A more detailed comparison of early gestational 
metabolic parameters in pregnant women according to the regional 
origin is provided in the Supplementary Table S1, showing distinct 
differences between the investigated subgroups. Women from the 
MENA as well as those from the SSA region had higher BMI as 
compared to Caucasian mothers. Women from MENA countries 
were more insulin resistant with elevated fasting glucose and insulin 
levels, while women from SSA and Asia showed higher HbA1c but 
lower total- and non-HDL-cholesterol as compared to the Caucasian 
population. Distinct differences were also observed in dietary habits 
(Table 3). Non-Caucasian mothers consumed more rice, couscous 
or bulgur and legumes but less noodles, potatoes, vegetables, meat 
and fruits. However, a more detailed analysis of dietary habits 
according to the regional origin showed that especially women from 
the MENA regions consumed more carbohydrates such as bread, 

rice, couscous or bulgur, but were also eating more legumes as 
compared to Caucasian mothers. A higher rice, bulgur or couscous 
consumption was also observed in SSA and Asian mothers, whereas 
they were eating sweets less often.

3.2 Association of ethnicity and the 
development of GDM

The prevalence of GDM was higher in non-Caucasian mothers as 
compared to the Caucasian population (n = 108, 28.5% vs. n = 128, 17.5%, 
OR 1.87, 95%CI 1.40 to 2.52, p < 0.001) and comparable results were 
observed after adjustment for maternal age and BMI (adjusted OR 1.90, 
95%CI 1.41 to 2.58, p < 0.001). The results remained unchanged in a fully 
adjusted logistic regression model including the variables provided in 
Tables 2, 3 (adjusted OR 2.95, 95%CI 1.32 to 6.60, p = 0.008) as well as in 
a reduced model using stepwise selection (adjusted OR 3.38, 95%CI 1.74 
to 6.60, p < 0.001). Likewise, non-Caucasian mothers showed higher 
glucose concentrations within the diagnostic OGTT vs. Caucasian 
mothers (OGTT glucose baseline: 83 ± 9 vs. 81 ± 10 mg/dL, p = 0.001; 
OGTT glucose 60′: 142 ± 37 vs. 132 ± 33 mg/dL, p < 0.001; OGTT glucose 

TABLE 2  Early gestational characteristics of women with Caucasian and non-Caucasian origin.

n CAUC n NON-CAUC p-value

Age (years) 731 32.0 ± 5.9 379 31.2 ± 5.6 0.022

Parity (≥1) 731 404 (55.3) 379 287 (75.7) <0.001

Parity (≥2) 731 154 (21.1) 379 162 (42.7) <0.001

Parity (≥3) 731 46 (6.3) 379 80 (21.1) <0.001

GDM, previous pregnancy 731 67 (9.2) 379 51 (13.5) 0.029

Family history (1st degree) 731 164 (22.4) 379 134 (35.4) <0.001

Assisted reproduction 731 93 (12.7) 379 28 (7.4) 0.008

Multiple pregnancy 731 95 (13.0) 379 32 (8.4) 0.025

Smoking status (actual smokers) 731 128 (17.5) 379 27 (7.1) <0.001

Smoking status (former smokers) 731 232 (31.7) 379 41 (10.8) <0.001

Smoking status (actual and former smokers) 731 360 (49.2) 379 68 (17.9) <0.001

Pack years (a) 723 0 (0–4) 376 0 (0–0) <0.001

Height (cm) 731 166 ± 6.6 379 162 ± 6.4 <0.001

Weight, before pregnancy (kg) 731 68 ± 16 379 67 ± 13 0.188

BMI, before pregnancy (kg/m2) 731 24.7 ± 5.7 379 25.4 ± 4.9 0.018

RRS (mmHg) 731 120 ± 12 378 117 ± 13 <0.001

RRD (mmHg) 731 77 ± 10 378 75 ± 10 0.010

Triglycerides, early pregnancy (mg/dl) 692 119 ± 47 361 120 ± 47 0.850

Total-cholesterol, early pregnancy (mg/dl) 695 192 ± 35 364 183 ± 34 <0.001

LDL-cholesterol, early pregnancy (mg/dl) 695 96 ± 28 363 92 ± 27 0.008

HDL-cholesterol, early pregnancy (mg/dl) 695 72 ± 16 363 67 ± 15 <0.001

non-HDL-Cholesterol, early pregnancy (mg/dl) 695 120 ± 33 363 115 ± 31 0.026

FPG, early pregnancy (mg/dl) 690 81.2 ± 6.3 362 82.9 ± 7.1 <0.001

HbA1c, early pregnancy (mmol/mol) 700 30.7 ± 3.2 364 31.7 ± 3.5 <0.001

Fasting insulin, early pregnancy (μU/ml) 663 7.7 (5.3–11.6) 350 8.9 (6.3–13.1) <0.001

HOMA-IR, early pregnancy (dimensionless) 656 1.6 (1.0–2.4) 347 1.8 (1.3–2.7) <0.001

Data are number of available cases (n), mean ± SD or median (IQR) and count (%) for women with Caucasian (CAUC) and non-Caucasian (NON-CAUC) origin. GDM, gestational diabetes 
mellitus; BMI, body mass index; RRS, systolic blood pressure; RRD, diastolic blood pressure; LDL, low density lipoprotein; HDL, high density lipoprotein; FPG, fasting plasma glucose; HbA1c, 
glycated haemoglobin A1c; HOMA-IR, homeostasis model assessment of insulin resistance.
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120′: 113 ± 28 vs. 106 ± 25 mg/dL, p < 0.001) and required glucose 
lowering medications more often (n = 61, 56.5% vs. n  = 53, 41.4%, 
p = 0.022 for non-Caucasian vs. Caucasian GDM patients, respectively). 
A detailed analysis of regional origin showed that the increased incidence 
of GDM was especially observed in MENA (OR 1.95, 95%CI 1.35 to 2.79, 
p < 0.001) and Asian mothers (OR 2.09, 95%CI 1.36 to 3.17, p < 0.001). 
However, no differences were observed in pregnancy outcomes including 
cesarean section rate (p = 0.919), international birth weight percentiles 
(p = 0.980) or the incidence of LGA offspring (p = 0.871) and the results 
remained unchanged when women with normal glucose tolerance were 
excluded. Likewise, we found no significant difference in LGA delivery 
in previous pregnancy.

3.3 Risk factors for GDM stratified by ethnic 
origin

Ethnically stratified variable importance metrics were calculated 
for 396 Caucasian (64 with GDM) and 114 non-Caucasian women 

(MENA: 63, 20 with GDM; ASIA: 46, 15 with GDM; SSA: 5, 1 with 
GDM) with complete information about baseline characteristics (as 
summarized in Table  2) and dietary habits (as summarized in 
Table  3). As visualized in Figure  1, fasting glucose as well as 
HOMA-IR achieved high variable importance scores in both 
Caucasian and non-Caucasian mothers. Pregestational BMI was a 
more important predictor in non-Caucasian mothers, whereas 
history of pregnancy with GDM was more important in Caucasian 
mothers. In general, dietary habits were of minor importance in 
both groups. The estimated out of bag error (as a measurement of 
prediction error of the random forest) was lower in Caucasian 
patients as compared to non-Caucasian mothers (16.7% vs. 26.1%). 
In a further analysis non-Caucasian mothers were stratified 
according to their regional origin and showed that fasting glucose 
was especially important in women from the MENA regions, 
whereas maternal pregestational BMI and insulin sensitivity status 
was more important in Asian mothers (Figure  2). Due to the 
restricted sample size women from the SSA region were excluded 
from this analysis.

TABLE 3  Dietary habits at early pregnancy of women with Caucasian and non-Caucasian origin.

n CAUC n NON-CAUC p-value

Milk (ml/d) 627 100 (21–200) 291 43 (9–200) <0.001

Water (l/d) 627 1.2 (0.9–4.8) 287 1.2 (0.6–3.6) <0.001

Non-alcoholic beverages (ml/d) 597 200 (61–443) 261 104 (36–300) <0.001

Coffee (ml/d) 632 32 (0–150) 283 3 (0–32) <0.001

Tea (ml/d) 618 75 (8.0–182) 278 182 (67–581) <0.001

Bread (g/d) 603 82 (48–150) 261 100 (50–200) 0.062

Rice, couscous, bulgur (g/d) 616 16 (7–32) 276 32 (13–75) <0.001

Noodles (g/d) 615 27 (11–27) 275 11 (4–27) <0.001

Potatoes (g/d) 614 49 (26–84) 259 40 (20–77) 0.003

Pizza (g/d) 617 13 (6–31) 273 13 (3–31) <0.001

Breakfast cereals (g/d) 614 3 (0–10) 262 0 (0–5) <0.001

Legumes (g/d) 627 7 (3–16) 276 13 (3–32) 0.005

Vegetables (g/d) 608 88 (34–182) 260 75 (20–150) 0.024

Fruits (g/d) 623 300 (130–450) 272 185 (150–320) 0.133

Butter and magarine (g/d) 626 4 (1–10) 286 1 (0–8) <0.001

Cheese (g/d) 619 15 (5–30) 281 6 (1–30) <0.001

Cream Cheese (g/d) 627 3 (1–13) 283 3 (0–15) 0.079

Curd cheese, soured milk, yoghurt (g/d) 617 43 (9–100) 285 43 (9–100) 0.379

Eggs (g/d) 624 13 (5–26) 287 26 (11–60) <0.001

Meat (g/d) 624 26 (5–26) 283 13 (4–26) 0.013

Meat products (g/d) 616 12 (4–26) 276 0 (0–4) <0.001

Poultry (g/d) 625 16 (13–32) 284 13 (3–32) <0.001

Fish (g/d) 612 8 (2–19) 264 3 (0–10) <0.001

Fast Food (g/d) 614 13 (0–25) 273 10 (0–25) 0.055

Sweat spreads (g/d) 628 3 (1–8) 283 4 (1–10) 0.283

Sweets (g/d) 595 38 (21–72) 257 27 (11–56) <0.001

Salty snacks (g/d) 613 4 (2–10) 253 4 (2–11) 0.301

Data are number of available cases (n), mean ± SD or median (IQR) and count (%) for women with Caucasian (CAUC) and non-Caucasian (NON-CAUC) origin.
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4 Discussion

This study aimed to assess the role of ethnicity on the development 
of GDM in a prospectively assessed and well characterized multiethnic 
Central European cohort. We found that women with non-Caucasian 
ancestry, especially those with origin from the MENA and Asian 
countries have markedly increased risk as compared to Caucasian 

mothers. This is corroborated by results of some previous retrospective 
and register studies, suggesting a higher GDM incidence for specific 
ethnicities and minorities, such as South and East Asian, Indigenous 
Australian, African, Hispanics and Native Americans (24–28). 
Recently, Caputo et al. retrospectively analyzed data of 586 patients 
and found that despite being younger, GDM patients from “high 
migration pressure countries” required insulin treatment more often, 

FIGURE 1

Ethnically stratified risk factors for GDM at early pregnancy showing variable importance scores for mothers with Caucasian (A) and non-Caucasian 
(B) origin. The first 20 variables with highest variable scores are shown.

FIGURE 2

Ethnically stratified risk factors for GDM at early pregnancy showing variable importance scores for non-Caucasian mothers with Middle Eastern and 
Northern African (A) and Asian origin (B). The first 20 variables with highest variable scores are shown.
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what is also indicated for non-Caucasian mothers in our study (29). 
Likewise, a population based Norwegian register study identified 
substantially increased GDM incidence in immigrant women, 
whereby the risk for hyperglycemia increased in parallel to the length 
of residence in certain immigrant groups (9), suggesting, that the 
elevated risk in these mothers is not only attributable to a genetic 
predisposition (24).

In the present study, we  also observed distinct differences in 
patient characteristics and clinical-metabolic features between 
Caucasian and non-Caucasian women. Thereby, non-Caucasian 
mothers had higher pregestational BMI, were more insulin resistant 
and showed an adverse glucometabolic risk profile with higher fasting 
glucose, and HbA1c already at start of gestation. In another study of 
reproductive-aged Austrian women, we previously found that women 
with origin from the MENA countries undergoing infertility treatment 
were more obese and, despite being younger as compared to Caucasian 
patients, showed impaired ovarian function, possibly explained by a 
higher incidence of Polycystic Ovarian Syndrome – a disease markedly 
triggered by impaired insulin sensitivity (30). This is comparable to 
our present study, indicating that especially women with origin from 
the MENA region had higher BMI as well as a higher degree of insulin 
resistance and consequently an increased risk for GDM development. 
Aside from the MENA population, we  additionally observed an 
increased risk for GDM in mothers with Asian ancestry. This is in line 
with another recent register study, indicating that the risk of GDM is 
increased in mothers with South Asian and Chinese ethnicity, who 
had lower BMI as compared to the general Canadian population (11). 
Interestingly, Sharma et  al. observed, that glucose metabolism 
remained markedly impaired after GDM pregnancy, in particular in 
Asian mothers, who showed impaired β-cell function, insulin action 
and clearance as compared to Nordic women (31).

Ethnically specific differences are often explained by different 
lifestyle habits, especially dietary patterns. Thereby, some authors 
suggested that “nutrition transition” towards an energy dense Western 
diet may promote the development of metabolic disorders and the 
requirement of glucose lowering medication in GDM patients (29, 32, 
33). Dietary habits can also directly affect fetal development and 
growth and this effect can be possibly modulated by ethnicity. For 
example, Zulyniak et al. found that consumption of plant-based diet 
reduced infant birth weight in white Europeans, whereas it increased 
the risk for LGA infants in South Asians living in Canada (34). 
Another meta-analysis recently assessed the effect of healthy diet on 
GDM incidence and indicated significant associations between dietary 
patterns and GDM risk markedly in white European mothers, whereas 
no consistent evidence was observed in non-Caucasian populations, 
what may be explained by heterogenous use of dietary assessment 
tools (35). Differences in dietary patterns were also observed in our 
study, whereby non-Caucasian immigrants differed markedly from 
the Caucasian population. However, a detailed analysis of GDM risk 
factors indicated that dietary patterns had inferior variable importance 
scores as compared to other clinical-metabolic features, such as fasting 
glucose and maternal insulin resistance, showing consistently high 
predictive performance in Caucasian and non-Caucasian mothers. Of 
note, maternal pregestational BMI achieved notably higher 
importance for GDM prediction in Asian mothers. In line with our 
findings, Read et al. found that BMI increased the risk for GDM at far 
lower levels in South Asian and Chinese mothers, possibly indicating 
that limiting excess weight gain may be particular effective for GDM 

prevention in Asian mothers (11). This effect may be mediated by 
distinct metabolic profiles of Asian and white European women as 
recently suggested by another study (36).

Some advantages and limitations need to be addressed: Clinical 
and metabolic risk factors as well as dietary patterns were only 
assessed once at start of pregnancy, what may be seen as a limitation. 
However, the large sample size with a high proportion of 
non-Caucasian study participants and GDM cases is a clear advantage. 
In addition, the prospective character of the cohort study design 
allowed us to assess detailed information about ancestry (i.e., the 
parental country of origin) and allowed us to accurately determine 
patient’s ethnicity. Moreover, this is for our knowledge the first study 
including information of clinical features, metabolic parameters (such 
as early gestational insulin sensitivity) and dietary habits in a 
multiethnic cohort of pregnant women.

In summary, we identified distinct differences in dietary patterns 
and clinical metabolic features between Caucasian and 
non-Caucasian mothers, who showed a higher incidence of GDM 
and need of glucose lowering medications. GDM risk was highest in 
Asian mothers and those with origin from the MENA region. Fasting 
plasma glucose as well as maternal insulin resistance at start of 
pregnancy are important risk factors in both, Caucasian and 
non-Caucasian mothers, although, increased maternal BMI (even at 
lower levels) may be  of particular importance in Asians. The 
information provided by our study is of clinical relevance to improve 
risk stratification and to provide “culturally appropriate care” (14) 
for non-Caucasian ethnicities indicating the need for further 
research in non-Caucasian populations.
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Background: The connection between the triglyceride-glucose index (TyG 
index) and gestational diabetes mellitus (GDM) is currently debated. Our study 
aimed to investigate the connection between the TyG index and GDM within the 
Korean population.

Methods: Using publically accessible data in Korea, we performed a secondary 
study on a sample of 589 pregnant women who were carrying a single fetus. The 
analysis employed a binary logistic regression model, some sensitivity analyses, 
and subgroup analysis to investigate the association between the TyG index and 
the occurrence of GDM. To assess the TyG index’s potential to predict GDM, a 
receiver operating characteristic (ROC) study was also carried out.

Results: The mean age of the pregnant women was 32.065  ±  3.798  years old, 
while the mean TyG index was 8.352  ±  0.400. The prevalence rate of GDM 
was found to be  6.112%. Upon adjusting for potential confounding variables, 
a positive association was detected between the TyG index and incident GDM 
(OR  =  12.923, 95%CI: 3.581–46.632, p  =  0.00009). The validity of this connection 
was further confirmed by subgroup analysis and sensitivity analyses. With an 
area under the ROC curve of 0.807 (95%CI: 0.734–0.879), the TyG index showed 
strong predictive power for GDM. The TyG index’s ideal cutoff value for detecting 
GDM was found to be 8.632, with a sensitivity of 78.7% and a specificity of 72.2%.

Conclusion: The findings of our study provide evidence that an increased 
TyG index is significantly associated with the occurrence of GDM. Utilizing the 
TyG index during the 10–14  week gestational period may be a valuable tool in 
identifying pregnant individuals at a heightened risk for developing GDM. Early 
detection enables timely and efficacious interventions, thereby enhancing the 
prognosis of affected individuals.
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Introduction

Gestational diabetes mellitus (GDM) refers to varying degrees 
of glucose intolerance that occur or are identified for the first time 
during pregnancy, irrespective of pre-existing diabetes (1). During 
pregnancy, GDM is a prevalent complication, with its incidence 
steadily rising in recent decades (2–4). The etiology of GDM is 
multifaceted, encompassing obesity/pre-gravidic weight, maternal 
age, and history of polycystic ovary syndrome (5, 6). Notably, GDM 
is associated with an increased likelihood of adverse perinatal 
outcomes, such as pre-eclampsia, gestational hypertension, 
miscarriage, cesarean section, and macrosomia (2, 7, 8). 
Furthermore, GDM has been acknowledged as a significant 
predisposing factor for maternal cardiovascular disease and diabetes 
(9), as well as obesity and insulin resistance (IR) in the offspring 
(10). The conventional approach for the clinical ascertainment of 
GDM is conducted within the 24–28th weeks of gestation, employing 
a 75 g oral glucose tolerance test (OGTT) delineated in the literature 
(11). However, empirical evidence suggests that by the time GDM is 
diagnosed at this stage, both the mother and fetus may have already 
been adversely affected to varying degrees despite the potential 
benefits of symptom management (12, 13). Therefore, the timely 
recognition of women at heightened risk for gestational diabetes 
mellitus is of paramount importance for mitigating the potential 
adverse outcomes and stemming the tide of transgenerational 
metabolic sequelae.

Previous studies have indicated that insulin resistance (IR) is a 
critical element in both the onset and progression of GDM. It is 
characterized by an impaired response to insulin in peripheral 
tissues, which becomes particularly problematic during pregnancy 
as the demand for insulin escalates (14). The insidious nature of IR 
often means that it is well established by the time GDM is clinically 
recognized, contributing to the challenge of timely diagnosis and 
management (15). The interaction between maternal IR and β-cell 
dysfunction is a central component in the pathophysiology of GDM 
(16). However, there is a scarcity of previous studies examining the 
potential predictive value of IR for GDM; previous studies likely lack 
a dependable and practical surrogate marker for IR (17). 
Traditionally, the definitive test for insulin sensitivity is the 

hyperinsulinemic-euglycemic clamp test (18). Nevertheless, this 
method is time-consuming and expensive, significantly limiting its 
use in clinical practice (19). In recent research, the triglyceride-
glucose index (TyG index), a metric generated from fasting blood 
glucose and triglyceride levels, has been recommended as a 
trustworthy and practical diagnostic of IR (20, 21). A greater TyG 
index has been linked to a higher risk of type 2 diabetes mellitus 
(T2DM) in the adult population, according to prior studies (22). 
Based on the results of earlier investigations, it is not yet obvious if 
the TyG index can predict the risk of GDM (23–26). Consequently, 
the objective of this investigation was to comprehensively assess the 
prospective predictive ability of the TyG index for GDM within a 
cohort study of the Korean population, utilizing publicly 
available data.

Methods

Data source

The primary data utilized in this research were generously 
provided by Lee SM et al. (27). The primary data are available to the 
public. They are published under the Creative Commons Attribution 
License, which allows free use, distribution, and reproduction in any 
format as long as the author and source are properly acknowledged. 
We  express our gratitude to the data contributors for their 
invaluable contributions.

Study population

Between November 2014 and July 2016, the initial study 
encompassed 663 singleton pregnant women who had sought 
antenatal care at two prominent medical institutions, namely the 
Incheon Seoul Women Hospital and Seoul Metropolitan Government 
Seoul National University Boramae Medical Center, both located in 
Seoul, Korea. These participants were included if they had 
commenced prenatal care before reaching 14 weeks gestation. These 
women were recruited within the ongoing “Fatty Liver in Pregnancy” 
registry framework. Notably, before their inclusion, all singleton 
pregnant women provided written informed consent (27). The 
original professional staff employed a comprehensive and 
non-selective approach to meticulously collect cases for the 
original study.

The research ethics of this study were approved by the committee 
of the Seoul Metropolitan Government Seoul National University 
Boramae Medical Center and the committee of the Ministry of Health 
and Welfare of Korea (27). Therefore, given this prior ethical approval, 
no additional ethical clearance was required for this secondary 
analysis. Additionally, the primary research complied with the 
principles outlined in the Declaration of Helsinki.

Abbreviations: TyG index, low-density lipoprotein cholesterol to high-density 

lipoprotein cholesterol ratio; GDM, gestational diabetes mellitus; IR, insulin 

resistance; GCT, glucose challenge screening test; BMI, body mass index; LDL-C, 

low-density lipid cholesterol; ALT, alanine aminotransferase; GGT, gamma-glutamyl 

transferase; HDL-C, high-density lipoprotein cholesterol; AST, aspartate 

aminotransferase; TC, total cholesterol; FPG, fasting plasma glucose; TG, 

triglycerides; HOMA-IR, homeostasis model assessment-insulin resistance; GAM, 

Generalized additive models; OR, odds ratios; SD, standard deviation; CI, confidence 

interval; TG/HDL-C, high-density lipoprotein cholesterol ratio; T2DM, type 2 

diabetes mellitus.
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For the initial study, patients were excluded if they had (1) 
previous diagnosis of GDM, high alcohol consumption (more than 20 
grams of alcohol per day), or chronic liver disease; (2) preterm 
delivery occurring before 34 weeks; or (3) were lost to follow-up. As a 
result, the initial study comprised 623 participants. Subsequently, 

we further excluded participants with missing data for GDM (n = 13), 
fasting plasma glucose (FPG) (n = 21), and triglyceride (TG) (n = 20). 
The final analysis included 589 singleton pregnant women. Figure 1 
in the manuscript illustrates the study’s design and the flow 
of participants.

FIGURE 1

Flowchart of study participants. Figure showed the inclusion of participants. Six hundred and twenty-three participants were assessed for eligibility in 
the original study. We excluded patients with missing values of FPG (n  =  21), TG (n  =  20), GDM (n  =  13). The final analysis included 589 subjects in the 
present study.
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Variables

TyG index
Venous blood samples from the subjects were taken between 10 

and 14 weeks of pregnancy following a minimum 8-h fast. These 
specimens were subsequently subjected to centrifugation at an 
acceleration of 2000 g for a temporal span of 10 min, then partitioned 
into aliquots for preservation at a temperature of −70°C until the assay 
could be  conducted. The intra-coefficient variation and inter-
coefficient variation for FPG measured with the Roche/Hitachi 911 
chemistry analyzer (Roche Diagnostics) were 1.75 and 2.33%, 
respectively. Similarly, the intra-coefficient variation and inter-
coefficient variation for TG using the same analyzer were 3.50 and 
4.66%, respectively. The precise method for calculating the TyG index 
is Ln[(TG (mg/dL) × FPG (mg/dL)/2)] (28).

Diagnosis of incident GDM
All participants were diagnosed with GDM in the two-step 

method during 24–28 weeks (27). For the initial screening, serum 
glucose levels were measured after a non-fasting 50 g oral glucose 
challenge (GCT) test, taken 1 h after consuming a 50 g oral glucose 
load. A blood glucose level of ≥7.8 mmol/L indicated a positive result 
on the GCT. An additional 100 g OGTT was administered to people 
who had a positive result on the GCT. GDM was established when two 
or more glucose levels were elevated: FPG ≥5.3 mmol/L, one-hour 
glucose ≥10 mmol/L, two-hour glucose ≥8.6 mmol/L, and three-hour 
glucose ≥7.8 mmol/L.

Covariates
In selecting risk variables for this study, a comprehensive approach 

was undertaken, drawing insights from clinical expertise, the original 
research, and existing literature on risk factors associated with 
GDM. Therefore, based on the above considerations, the following 
variables were adopted as covariates: (1) continuous variables: high-
density lipoprotein cholesterol (HDL-C), age, insulin, aspartate 
aminotransferase (AST), low-density lipoprotein cholesterol (LDL-C), 
alanine aminotransferase (ALT), pre-pregnancy body mass index 
(BMI), total cholesterol (TC), gamma-glutamyl transferase (GGT); (2) 
categorical variables: parity, hepatic steatosis.

The general clinical and demographic data collection 
encompassed maternal age, prior history of GDM, height, parity, and 
pre-gestational weight. These details were gathered using a 
standardized questionnaire. Venous blood samples were obtained 
during the 10–14 weeks of pregnancy, ensuring an 8-h fasting period, 
to assess hematological markers, including GGT, TG, ALT, insulin, 
FPG, TC, and AST levels. Hepatic steatosis severity was determined 
using a previously established semiquantitative grading system 
(grades 0–3) (29). The homeostasis model assessment-insulin 
resistance (HOMA-IR) was determined using the formula [insulin 
(IU/mL) × FPG (mmol/L)/22.5], following established 
methodologies (27).

Statistical analysis

We initially assessed the baseline data distribution by categorizing 
it into tertiles based on the TyG index. Continuous data were reported 
as medians with interquartile ranges (25th-75th percentile) or means 

with standard deviations (SD), while categorical data were expressed 
as frequencies and percentages. To assess disparities between TyG 
index groups, The Kruskal-Wallis H test, chi-square test, and one-way 
ANOVA were employed. Cumulative incidence rates were used to 
express incidence rates.

The study employed both univariate and multivariate logistic 
regression to establish three models. Model 1 did not incorporate any 
covariates, while Model 2 adjusted only for sociodemographic factors, 
including parity, age, and pre-pregnancy BMI. In contrast, Model 3 
encompassed all factors, including parity, age, hepatic steatosis, 
pre-pregnancy BMI, AST, HDL-C, GGT, LDL-C, insulin, ALT, and 
TC. Adjusted odds ratios (OR) and their corresponding 95% 
confidence intervals (CI) were computed to assess GDM risk. 
Adjustments were made for covariates, and when the inclusion of a 
covariate in the model resulted in an OR change of at least 10% (30), 
it was deemed necessary to include that covariate for adjustment.

The current research applied some sensitivity analyses to assess 
robust results. To assess the relationship of the TyG index as a 
continuous variable and explore potential non-linearity, 
we categorized the TyG index into tertiles and calculated the p value 
for trend. The presence of obesity and nonalcoholic fatty liver disease 
was connected to GDM risk (31, 32). In other sensitivity analyses, 
we  excluded individuals with a grade of hepatic steatosis >0 or 
pre-pregnancy BMI ≥ 25 kg/m2 to assess the connection between the 
TyG index and GDM. The present study employed a generalized 
additive model (GAM) to incorporate the continuity variables into the 
equation as a curve to examine the robustness of our findings (Model 
4) (33). Furthermore, we computed E-values to evaluate the potential 
impact of unmeasured confounding between the TyG index and 
GDM (34).

Moreover, we applied the stratified logistic regression model to the 
subgroup analysis, including HOMA-IR, hepatic steatosis, 
pre-pregnancy BMI, age, and parity. Initially, continuous variables 
such as HOMA-IR (≤2, >2), pre-pregnancy BMI (<25, ≥25 kg/m2), 
and age (<35, ≥35 years) were discretized according to clinical cutoff 
points. Subsequently, apart from the stratification factor, 
we  introduced adjustments for all variables (parity, age, hepatic 
steatosis, pre-pregnancy BMI, AST, HDL-C, GGT, LDL-C, insulin, 
ALT, and TC) within each stratification. To validate interactions 
among subgroups, we executed a likelihood ratio test.

Moreover, we conducted a receiver operating characteristic (ROC) 
analysis to assess the predictive capacity of the TyG index for 
GDM. The area under the curve (AUC) of the ROC and the optimal 
threshold were calculated. For all results, the STROBE declaration was 
followed (30). R software version 3.6 and EmpowerStats (R) version 
4.0 were used for all statistical analyses. P-values of 0.05 were used to 
determine statistical significance.

Results

Characteristics of participants

This study involved 589 pregnant women with no previous 
diagnosis of GDM. The average age of the participants was 
32.065 ± 3.798 years. The mean TyG index was 8.352 ± 0.400. Between 
the 24th and 28th weeks of pregnancy, 36 (6.112%) women 
experienced GDM.
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Table 1 lists the baseline characteristics of the pregnant women. 
Based on the tertiles of the TyG index values, the individuals were split 
into three groups (T1 ≤ 8.181; 8.181 < T2 ≤ 8.514; T3 > 8.514). It was 
shown that individuals in the T3 group tended to be older, have higher 
LDL-C, insulin, GGT, TC, FPG, TG, pre-pregnancy BMI, and a lower 
prevalence of grade 0 hepatic steatosis.

The prevalence rate of GDM

Table  2 displays the prevalence rate of GDM. Specifically, the 
prevalence rates of GDM were 6.112% (4.172–8.052%), 1.020% 
(−0.399–2.440%), 3.061% (0.628–5.494%), and 14.213% (9.294–
19.132%) for the overall population of women and for the three TyG 

index groups (T1groups, T2groups, T3groups). Participants in T3 
exhibited a significantly higher prevalence rate of GDM than those in 
the T1 group (p < 0.001 for trend).

The results of univariate analyses

The outcomes of the univariate analysis have been presented in 
Table 3. The univariate analysis results indicate that pre-pregnancy 
BMI, TG, grade of hepatic steatosis, insulin, GGT, FPG, TyG index, 
and ALT were positively correlated with the occurrence of 
GDM. Additionally, an inverse association was observed between 
HDL-C and incident GDM.

The results of multivariate analyses

Table 4 demonstrates the application of a multivariate logistic 
regression model to explore the link between the TyG index and 
incident GDM. In Model 1, a positive connection was observed 
between the TyG index and incident GDM (OR: 30.230, 95%CI: 
10.535–86.746, p < 0.00001). Model 2, which incorporated adjustments 
for age, pre-pregnancy BMI, and parity, yielded consistent outcomes 
with no significant alterations (OR: 17.816, 95%CI: 5.511–57.588, 
p < 0.00001). Moreover, even after accounting for variables including 
parity, age, hepatic steatosis, pre-pregnancy BMI, AST, HDL-C, GGT, 
LDL-C, insulin, ALT, and TC in Model 3, a noticeable connection 
between the TyG index and incident GDM persisted (OR: 12.923, 

TABLE 1  The baseline characteristics of participants.

TyG index T1 (≤8.181) T2 (8.181–≤8.514) T3 (>8.514) P-value

Participants 196 196 197

Age(years) 31.612 ± 3.591 31.888 ± 3.638 32.690 ± 4.081 0.014

Pre-pregnancy BMI (kg/m2) 21.026 ± 2.757 21.765 ± 3.491 23.265 ± 3.758 <0.001

Parity 0.072

No 116 (59.184%) 99 (50.510%) 95 (48.223%)

Yes 80 (40.816%) 97 (49.490%) 102 (51.777%)

Hepatic steatosis <0.001

Grade 0 171 (87.245%) 169 (86.224%) 139 (70.558%)

Grade 1 25 (12.755%) 22 (11.224%) 38 (19.289%)

Grade 2 0 (0.000%) 4 (2.041%) 13 (6.599%)

Grade 3 0 (0.000%) 1 (0.510%) 7 (3.553%)

HDL-C (mg/dL) 66.210 ± 12.574 65.372 ± 13.805 63.119 ± 14.079 0.064

TG (mg/dL) 77.852 ± 14.441 111.061 ± 15.868 167.503 ± 46.743 <0.001

TC (mg/dL) 161.138 ± 21.966 173.469 ± 24.963 183.756 ± 29.325 <0.001

LDL-C (mg/dL) 79.357 ± 18.486 85.518 ± 20.407 87.135 ± 25.225 <0.001

ALT (IU/L) 11 (8–13.25) 11 (8–15) 12 (8–18) 0.095

AST (IU/L) 16 (14–18.25) 16 (14–19) 17 (14–21) 0.161

GGT(IU/L) 11 (10–14) 11 (10–15) 13 (10–18) 0.002

FPG (mg/dL) 73.260 ± 8.010 76.847 ± 8.850 80.964 ± 10.600 <0.001

Insulin (μIU/mL) 7.172 ± 4.030 8.725 ± 4.363 12.646 ± 8.987 <0.001

Values were n(%) or mean ± SD or median (quartile). TyG index, triglyceride-glucose index; BMI: body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, 
gamma-glutamyl transferase; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipid cholesterol; FPG, fasting plasma glucose.

TABLE 2  Incidence rate of incident gestational diabetes mellitus.

TyG 
index

Participants (n) GDM 
events (n)

Cumulative 
incidence rate 

(95% CI) (%)

Total 589 36 6.112 (4.172–8.052)

T1 196 2 1.020 (−0.399–2.440)

T2 196 6 3.061 (0.628–5.494)

T3 197 28 14.213 (9.294–19.132)

P for trend <0.001

TyG index, triglyceride-glucose index; CI, confidence interval; GDM, gestational diabetes 
mellitus.
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95%CI: 3.581–46.632, p = 0.00009). These findings imply that a 12-fold 
increase in the likelihood of getting GDM is associated with each unit 
rise in the TyG index.

Sensitive analysis

We reintroduced the TyG index after categorically transforming 
it from a continuous variable. Compared to the reference category 
(T1) of the TyG index, the multivariate-adjusted model exhibited an 
HR of 1.811 (95%CI: 0.342–9.606) in the T2 group and 5.618 (95% CI: 
1.194–26.438) in the T3 group (Table 4).

The continuity covariate was introduced into the equation as a 
curve using a GAM. According to the results of model 4, the TyG 

index is positively correlated with the risk of GDM (HR:19.836
，95%CI: 4.699–83.743) (Table 4). Notably, the E value for this study 
was 25.34, surpassing the relative risk of the TyG index and potential 
unmeasured confounders. This outcome suggested that the 
association between the TyG index and incident GDM remained 
largely unaffected by unmeasured or unknown confounders.

Furthermore, we conducted sensitivity analyses on subjects with 
BMI < 25 kg/m2. The TyG index was found to be positively correlated 
with the risk of GDM after adjusting for parity, age, hepatic steatosis, 
pre-pregnancy BMI, AST, HDL-C, GGT, LDL-C, insulin, ALT, and TC 
(OR: 13.204, 95%CI: 2.547–68.446, p = 0.00211) (Table 5). Similarly, 
even when individuals with grade 0 hepatic steatosis were included in 
additional sensitivity analyses, the positive relationship between the 
TyG index and the likelihood of developing GDM persisted after 

TABLE 3  The results of the univariate analysis.

Statistics OR (95% CI) P-value

Participants

Age (years) 32.065 ± 3.798 1.037 (0.949, 1.134) 0.42325

Pre-pregnancy BMI (kg/m2) 22.019 ± 3.483 1.275 (1.175, 1.384) <0.00001

Parity

No 310 (52.632%) ref

Yes 279 (47.368%) 0.994 (0.506, 1.952) 0.98553

Hepatic steatosis

Grade 0 479 (81.324%) ref

Grade 1 85 (14.431%) 3.427 (1.462, 8.033) 0.00460

Grade 2 17 (2.886%) 25.722 (8.780, 75.359) <0.00001

Grade 3 8 (1.358%) 17.362 (3.814, 79.042) 0.00022

HDL-C (mg/dL) 64.897 ± 13.543 0.964 (0.938, 0.989) 0.00602

TG (mg/dL) 118.888 ± 47.482 1.018 (1.012, 1.025) <0.00001

TC (mg/dL) 172.806 ± 27.185 1.010 (0.998, 1.022) 0.09210

LDL-C (mg/dL) 84.009 ± 21.789 1.000 (0.985, 1.016) 0.99692

ALT (IU/L) 13.414 ± 9.587 1.037 (1.014, 1.061) 0.00172

AST (IU/L) 17.802 ± 8.101 1.019 (0.992, 1.046) 0.17401

GGT(IU/L) 13.963 ± 8.455 1.034 (1.008, 1.062) 0.01130

FPG (mg/dL) 77.031 ± 9.728 1.069 (1.037, 1.103) 0.00002

Insulin (μIU/mL) 9.524 ± 6.632 1.116 (1.066, 1.169) <0.00001

TyG index 8.352 ± 0.400 30.230 (10.535, 86.746) <0.00001

Values are n(%) or mean ± SD. TyG index, triglyceride-glucose index; BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl 
transferase; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipid cholesterol; FPG, fasting plasma glucose.

TABLE 4  Relationship between TyG index and the incident GDM in different models.

Variable Model 1 (OR.,95% CI, P) Model 2 (OR,95% CI, P) Model 3 (OR, 95% CI, P) Model 4 (OR, 95% CI, P)

TyG index 30.230 (10.535, 86.746) <0.00001 17.816 (5.511, 57.588) <0.00001 12.923 (3.581, 46.632) 0.00009 19.836 (4.699, 83.743) 0.00005

TyG index (tertile)

T1 Ref Ref Ref 1.0

T2 3.063 (0.611, 15.367) 0.17369 2.276 (0.435, 11.900) 0.32978 1.811 (0.342, 9.606) 0.48520 1.222 (0.210, 7.105) 0.82297

T3 16.071 (3.772, 68.465) 0.00017 8.543 (1.913, 38.153) 0.00496 5.618 (1.194, 26.438) 0.02896 5.586 (1.159, 26.922) 0.03202

P for trend <0.00001 0.00056 0.00687 0.00520

Model 1: we did not adjust other covariants. Model 2: we adjusted age, pre-pregnancy BMI, parity. Model 3: we adjusted age, pre-pregnancy BMI, parity, hepatic steatosis, AST, GGT, ALT, TC, 
HDL-C, LDL-C, insulin. Model 4: we adjusted age(smooth), pre-pregnancy BMI(smooth), parity, hepatic steatosis, AST (smooth), GGT (smooth), ALT (smooth), TC (smooth), TC (smooth), 
HDL-C (smooth), insulin (smooth). OR, odds ratios; CI, confidence interval; Ref, Reference; TyG index, triglyceride-glucose index.
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adjusting for confounding covariates (OR: 10.524, 95%CI: 1.925–
57.547, p = 0.00662) (Table 5). The sensitivity analysis supported the 
robustness of our conclusions. Notably, the E value for this study was 
25.34, surpassing the relative risk of the TyG index and potential 
unmeasured confounders. This outcome suggested that the connection 
between the TyG index and GDM risk remained largely unaffected by 
unmeasured or unknown confounders.

The results of the subgroup analysis

The connection between the TyG index and GDM risk was 
examined using subgroup analysis (Table  6) to find potential 
confounding factors that may have impacted the results. HOMA-IR, 
parity, pre-pregnancy BMI, hepatic steatosis, and age were selected 

as stratification factors. It was determined that those mentioned 
above potential confounding variables did not impact the 
association between the TyG index and the risk of GDM. The results 
of the subgroup analysis underscore the robustness of 
our conclusions.

ROC analysis

ROC analysis was performed to assess the predictive capacity of 
the TyG index for GDM. The results revealed an AUC of 0.807 (95% 
CI: 0.734–0.879), as presented in Table 7 and Figure 2. In comparison 
to other factors, including TG, triglyceride to high-density 
lipoprotein cholesterol ratio (TG/HDL-C), FPG, HDL-C, HOMA-IR, 
TC, insulin, and LDL-C, the TyG index exhibited the highest AUC 
for GDM prediction. Using Youden’s index, the optimal cutoff point 
for the TyG index to predict GDM was determined to be 8.632. This 
threshold corresponded to a specificity of 78.7% and a sensitivity 
of 72.2%.

Discussion

This study explored the relationship between the TyG index and 
GDM risk within the Korean population. Our findings unveiled a 
positive connection between the TyG index and incident 
GDM. Notably, a 12-fold increase in the likelihood of getting GDM 
is associated with each unit rise in the TyG index. Our findings 
revealed a higher diagnostic efficiency with an AUC of 0.807 (95%CI: 
0.734–0.879) for the TyG index in predicting GDM, which is 
significantly superior to the AUC values reported in similar studies, 
ranging from 0.57 to 0.69 (25, 26, 35). These similar studies rely on 
FPG, a one-step 75 g OGTT, or self-reported diagnosis of GDM. The 
use of a two-step testing procedure for GDM diagnosis in our study 

TABLE 5  Relationship between TyG index and incident GDM in different 
sensitivity analyses.

Exposure Model 5  
(OR, 95%CI, P)

Model 6  
(OR, 95%CI, P)

TyG index 13.204 (2.547, 68.446) 

0.00211

10.524 (1.925, 57.547) 

0.00662

TyG index (tertile)

Q1 Ref Ref

Q2 1.916 (0.342, 10.720) 0.45939 1.498 (0.256, 8.768) 0.65374

Q3 3.579 (0.666, 19.235) 0.13722 4.221 (0.809, 22.023) 0.08749

P for trend 0.11446 0.04806

Model 5 was sensitivity analysis after excluding those with pre-pregnancy BMI ≥ 25 kg/m2. 
We adjusted age, pre-pregnancy BMI, parity, hepatic steatosis, AST, GGT, ALT, TC, HDL-C, 
LDL-C, insulin. Model 6 was sensitivity analysis after including those with grade 0 hepatic 
steatosis. We adjusted age, pre-pregnancy BMI, parity, AST, GGT, ALT, TC, HDL-C, LDL-C, 
insulin. OR, odds ratios; CI, confidence; Ref: reference; TyG index, triglyceride-glucose 
index.

TABLE 6  Effect size of TyG index on GDM in prespecified and exploratory subgroups.

Characteristic No of patients Effect size (95%CI) P-value P for interaction

Age (years) 0.9935

<35 452 21.926 (4.544, 105.803) 0.0001

≥35 137 22.256 (0.881, 562.024) 0.0597

Pre-pregnancy BMI (kg/m2) 0.3923

<25 493 11.807 (2.559, 54.487) 0.0016

≥25 95 41.965 (2.979, 591.166) 0.0056

Parity 0.3476

No 310 24.258 (3.849, 152.869) 0.0007

Yes 279 7.246 (1.162, 45.207) 0.0340

Hepatic steatosis 0.8196

Grade 0 479 10.765 (2.025, 57.236) 0.0053

Grade 1–3 110 14.552 (1.965, 107.793) 0.0088

HOMA-IR 0.5168

≤2 388 9.991 (1.484, 67.258) 0.0180

>2 201 22.912 (4.235, 123.956) 0.0003

Above model adjusted for we adjusted for age, pre-pregnancy BMI, parity, hepatic steatosis, AST, GGT, ALT, TC, HDL-C, LDL-C, insulin. The model is not adjusted for the stratification 
variable in each case.
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may have contributed to the higher diagnostic accuracy of the TyG 
index. In addition, this disparity in diagnostic performance may also 
be  related to study design, population characteristics, and 
sample size.

The prevalence of GDM has seen an uptick to 12.70% within the 
broader Korean population in recent times (36). Interestingly, the 
prevalence of GDM within the scope of this study was found to 
be 6.112%, which is comparatively lower than the documented rates. 
This current study used stricter exclusion criteria (excessive alcohol 
consumption, chronic liver disease, or previous diagnosis of GDM) as 
well as diagnostic criteria for GDM (using the two-step test), all of 
which would have led to a decrease in the prevalence of GDM in this 
current study. Consequently, the lower GDM incidence among 
research participants finds validation within this context. However, it’s 
worth highlighting that the GDM prevalence still stands at 6.112% 
within this population. This emphasizes the continued importance of 
exploring potential additional risk factors for GDM.

Impaired insulin sensitivity or insulin secretion is widely 
recognized as the main underlying pathology of gestational diabetes 
mellitus. Women with dominant insulin resistance and GDM are 
more likely to experience negative effects. Conventional indicators 
of IR, such as the euglycemic-hyperinsulinemic clamp, face 
limitations due to invasiveness and complexity in clinical settings. 
Accessibility issues and a lack of clear cutoff values additionally 
hamper these techniques. Additionally, GDM is often detected 
between 24 and 28 weeks of pregnancy, giving little opportunity to 
prevent it from developing and causing damage. Thus, it becomes 
imperative to identify women susceptible to GDM early in 
pregnancy, aiming to reduce its impact using a proxy marker of 
insulin resistance. According to several findings, the TyG index 
could serve as a valuable indicator of insulin resistance. It has 
demonstrated potential in foretelling the beginning and 
development of diabetes in the general population. In two separate 
studies involving 352 Chinese women and 954 Iranian (23, 26), 
those in the highest tertile of the first-trimester TyG index were 
found to be 3.54-fold and 4.91-fold more likely to develop GDM, 
respectively. The Korean National Health Screening Exam study 
further highlights that an increase in the TyG index of just one 
standard deviation 2 years before conception increases the risk of 
gestational diabetes by 33% (25). A subsequent meta-analysis has 
confirmed and reinforced these findings (37). This study emphasizes 
that the risk of confirmed GDM within the Korean population 
increases with a rising TyG index, even after accounting for 
confounding variables. In our sensitivity analysis, we observed that 
the connection between the TyG index and GDM risk remains 
significant among Korean women with a BMI of less than 25 kg/
m2or with grade 0 hereditary steatosis. Moreover, we expanded our 
adjustments to include additional covariates like insulin, AST, 
hepatic steatosis, and GGT, which are all recognized risk factors for 
GDM (2, 32). Further analyses stratified by HOMA-IR, parity, 
pre-pregnancy BMI, hepatic steatosis, and age yielded consistent 
results, underscoring the stability of the relationship between the 
TyG and GDM risk. Consequently, this study broadens the 
applicability of the association between the TyG and GDM to the 
wider population. As such, this research holds substantial clinical 
significance. The implications of this study may serve as a stepping 
stone for future endeavors in developing predictive models 
for GDM.

The predictive capacity of the TyG index for GDM or T2DM 
has been extensively investigated, with consistent threshold values 

TABLE 7  Areas under the receiver operating characteristic curves (AUROC) for each evaluated parameters in identifying GDM.

Test AUROC 95%CI Best threshold Specificity Sensitivity Youden Index

TyG index 0.807 0.734–0.879 8.632 0.787 0.722 0.509

TG 0.780 0.704–0.856 121.500 0.642 0.833 0.475

HDL-C 0.602 0.496–0.709 49.200 0.884 0.361 0.245

TG/HDL-C ratio 0.786 0.707–0.866 2.268 0.751 0.722 0.473

TC 0.573 0.473–0.672 181.500 0.662 0.500 0.162

LDL-C 0.505 0.400–0.611 77.550 0.620 0.472 0.092

FPG 0.658 0.555–0.762 90.500 0.957 0.306 0.263

Insulin 0.764 0.675–0.853 13.900 0.866 0.611 0.477

HOMA-IR 0.765 0.679–0.851 2.7500 0.875 0.583 0.458

FIGURE 2

The TyG index for predicting DM in all participants by ROC analyses. 
ROC analysis was further conducted to explore the ability of the TyG 
index to predict GDM. The results showed that the AUC of the TyG 
index was 0.807. Compared to TG, HDL-C, TG/HDL-C ratio, TC, 
LDL-C, FPG, insulin, and HOMA-IR, the AUC of the TyG index for 
predicting DM was the highest.
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found across various studies (24–26, 35, 38, 39). Notably, Wang 
et al. (38) conducted a 15-year prospective study in Chinese adults, 
revealing a threshold of around 8.51 for the TyG index’s impact on 
incident T2DM risk. Similarly, Lee et al. (40) established a TyG 
index cutoff of 8.52 for predicting T2DM in more than 7,000 
Korean adults. Kim et al. (25) reported a TyG index cutoff of 8.15 
(AUC 0.60, specificity 68.2%, sensitivity 47.0%) for forecasting 
GDM 2 years before pregnancy. Regarding the diagnostic 
performance of the TyG index in detecting GDM during pregnancy, 
an AUC of 0.686 (95%CI: 0.615–0.756) was obtained by Liu et al. 
(26) in their evaluation of the TyG index’s diagnostic capacity to 
predict GDM during the first prenatal visit. At the same time, no 
specific threshold value was specified. Similarly, Sanchez-Garcia 
et al. (39) identified a relatively low cutoff value of 4.69 (specificity 
50%, sensitivity 89.0%). In addition, Zeng Y et al. found limited 
diagnostic efficacy of the TyG index for GDM (AUC = 0.57, 95% 
CI: 0.50–0.63) (35). In the current study, the TyG index 
demonstrated robust predictive capability for GDM, with an AUC 
of 80.7% and an optimal predictive cutoff value of around 8.632. 
Furthermore, the TyG index outperformed TG, HDL-C, TG/
HDL-C, TC, LDL-C, FPG, insulin, and HOMA-IR indices in 
predicting GDM. Remarkably, the TyG index’s diagnostic accuracy 
in GDM surpassed that of the HOMA-IR, suggesting its potential 
as an early biomarker for insulin resistance in early pregnancy and 
a reliable indicator for GDM detection.

However, the mechanism by which TyG associates with GDM is 
unclear. Firstly, the TyG index is a useful marker for insulin resistance 
(41–43), a core pathophysiological feature of GDM. Insulin resistance 
leads to reduced glucose uptake by peripheral tissues and increased 
hepatic glucose production, contributing to hyperglycemia during 
pregnancy (44). Secondly, high triglyceride levels, as part of the TyG 
index, suggest a disturbance in lipid metabolism as a consequence of 
hyperglycemia. This dyslipidemia can lead to an accumulation of fatty 
acids in tissues such as muscle and liver, which can interfere with 
insulin signaling and exacerbate insulin resistance, thereby increasing 
the risk of GDM (35). Furthermore, FPG levels reflect insulin 
sensitivity of the liver and insulin secretion by pancreatic β-cells, 
which are key factors in the pathogenesis of GDM (2, 32). Thus, the 
underlying mechanism of the TyG index’s association with GDM risk 
can be attributed to the interplay between FPG and TG, both of which 
are associated with insulin resistance.

Our study presents several notable strengths. Firstly, we utilized 
tertiles of the TyG index as a categorical and continuous variable in 
our independent variables, enabling a comprehensive examination of 
its association with GDM risk. Secondly, meticulous statistical 
adjustments were employed to minimize the impact of residual 
confounding factors. Thirdly, subgroup analyses were conducted to 
evaluate the influence of other potential risk factors on the relationship 
between the TyG index and GDM.

However, certain limitations of our study should 
be acknowledged. Firstly, the association between the TyG index 
and GDM might exhibit variations across different ethnicities, 
underscoring the need for validation in diverse ethnic groups. 
Secondly, as a secondary analysis, our research could not adjust for 
variables like uric acid, hypertension, and renal function, which 
were not originally present in the dataset. Thirdly, the original study 

did not account for the fluctuations in FPG and TG over time. As 
previously reported (45), serum triglycerides are increased 2–3 
times by late pregnancy, although they progressively increase from 
the first phases. Besides, triglycerides are subject to considerable 
analytical variability and, to an even greater extent, biological 
variability, exhibiting fluctuations that may range between 20 and 
40% (46, 47). Future iterations of our investigation could encompass 
these additional confounding variables and track changes in FPG 
and TG throughout the follow-up period. Fourthly, there may be an 
impact on the results due to the existence of intra-coefficient 
variation and inter-coefficient variation for TG and FPG. In the 
future, we  can consider designing our study with multiple 
measurements of TG and FPG on the same specimen to avoid 
influencing our results.

Conclusion

In conclusion, this study underscores the independent and 
positive correlation between an elevated TyG index and the risk of 
developing incident GDM within the Korean population. As such, the 
abnormal TyG index could be  a valuable predictor for 
GDM. Consequently, it aids in identifying individuals in Korea who 
are at a heightened risk of GDM development. This finding holds the 
potential to aid healthcare practitioners in formulating and applying 
effective care strategies. Additionally, it might function as an early 
screening and monitoring tool to curtail the onset and advancement 
of GDM within clinical settings.
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Background: Gestational diabetes mellitus (GDM) is a prevalent condition 
where diabetes is diagnosed during pregnancy, affecting both maternal and 
fetal outcomes. Retinol-binding protein 4 (RBP4) is a circulating adipokine 
which belongs to the lipocalin family and acts as a specific carrier protein that 
delivers retinol (vitamin A) from the liver to the peripheral tissues. Growing data 
indicate that circulating RBP4 levels may positively correlate with GDM. Thus, 
this systematic review and meta-analysis aimed to investigate the potential 
relationship between circulating RBP4 levels and GDM when measured at 
various stages of pregnancy.

Methods: MEDLINE, CINAHL, EMCARE, EMBASE, Scopus, and Web of Science 
databases were searched to identify studies comparing pregnant women with 
and without GDM, whose circulating RBP4 levels were measured in at least one 
pregnancy trimester. Findings were reported using standardized mean difference 
(SMD) and random-effects models were used to account for variability among 
studies. Furthermore, the risk of bias was assessed using the RoBANS tool.

Results: Out of the 34 studies identified, 32 were included in the meta-analysis 
(seven with circulating RBP4 levels measured in the first trimester, 19 at 24–
28  weeks, and 14 at >28  weeks of pregnancy). RBP4 levels were statistically 
higher in the GDM group than in controls when measured during all these 
pregnancy stages, with the noted RBP4 SMD being 0.322 in the first trimester 
(95% CI: 0.126–0.517; p  <  0.001; 946 GDM cases vs. 1701 non-GDM controls); 
0.628 at 24–28  weeks of gestation (95% CI: 0.290–0.966; p  <  0.001; 1776 GDM 
cases vs. 1942 controls); and 0.875 at >28  weeks of gestation (95% CI: 0.252–
1.498; p  =  0.006; 870 GDM cases vs. 1942 non-GDM controls). Significant study 
heterogeneity was noted for all three pregnancy timepoints.
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Conclusion: The present findings indicate consistently higher circulating RBP4 
levels in GDM cases compared to non-GDM controls, suggesting the potential 
relevance of RBP4 as a biomarker for GDM. However, the documented substantial 
study heterogeneity, alongside imprecision in effect estimates, underscores the 
need for further research and standardization of measurement methods to elucidate 
whether RBP4 can be utilized in clinical practice as a potential GDM biomarker.

Systematic review registration: PROSPERO (CRD42022340097: https://www.
crd.york.ac.uk/prospero/display_record.php?ID=CRD42022340097).

KEYWORDS

retinol-binding protein 4, RBP4, gestational diabetes mellitus, GDM, pregnancy, 
systematic review, meta-analysis

1 Introduction

Diabetes diagnosed during pregnancy, i.e., gestational diabetes 
mellitus (GDM), is a highly prevalent condition that is typically 
characterized by hyperglycemia, glucose intolerance, and insulin 
resistance, potentially resulting in adverse effects for both the mother 
and the fetus (1). The reported GDM prevalence rates range from 1 to 
14% depending on the studied population, with Asia, Latin America, 
and the Middle East regions exhibiting higher prevalence rates, whilst 
inconsistencies in the testing protocols and diagnostic criteria further 
contribute to the varying GDM prevalence rates reported worldwide 
(2). In the United Kingdom, approximately 1 in 23 pregnancies is 
affected by GDM (3). GDM frequently resolves soon after delivery, but 
these women are more likely to experience GDM in subsequent 
pregnancies and have an increased risk of later developing type 2 
diabetes (4, 5).

Several factors contribute to a higher risk of developing GDM, 
including an increased body mass index (BMI) at overweight or 
obesity levels, excessive weight gain during pregnancy, specific ethnic 
backgrounds (e.g., women from South Asia), genetic factors, a 
personal or family history of GDM, and polycystic ovary syndrome 
(PCOS) (6–8). Currently, to diagnose GDM, most pregnant women 
are offered an oral glucose tolerance test (OGTT) between 24 and 
28 weeks of gestation or earlier for those considered at high risk (9). 
However, using pre-diagnostic risk factor screening alone is not 
always an effective method of identifying women at risk of GDM, as 
shown by meta-analysis data (9). This highlights that there is still a 
need for novel biomarkers to more accurately identify women at high 
GDM risk. As such, recent research in the field of GDM has focused 
on studying an array of biomarkers which can be measured in the 
circulation of pregnant women and are linked to the complex 
pathophysiology of the condition, such as biomarkers associated with 
obesity-related inflammation, insulin resistance, and those derived 
from the adipose tissue (i.e., adipokines) or the placenta.

Retinol-binding protein 4 (RBP4) is a 21-kDa protein (10), which 
is secreted mainly by the liver and adipose tissue, and was initially 
identified as a transport protein for retinol (vitamin A) and other 
retinoid derivatives in the bloodstream (11). A 2005 study showed for 
the first time the potential involvement of RBP4 in the pathogenesis of 
type 2 diabetes (11), with the expression of RBP4 playing a regulatory 
role in glucose metabolism in both the liver and skeletal muscle. Indeed, 
the decreased expression of glucose transporter-4 (GLUT4) is linked to 

increased RBP4 secretion from the adipose tissue, which leads to 
increased hepatic gluconeogenesis and reduced glucose uptake in the 
muscle, ultimately resulting in increased blood glucose levels, impaired 
glucose tolerance, and diabetes (12). Furthermore, recent studies have 
also revealed close associations between RBP4 and cardiovascular 
disease (CVD) and related risk factors, such as obesity, hypertension, 
dyslipidemia, heart failure, and coronary heart disease (10).

In this context, there has been increasing interest in investigating 
the potential role of RBP4 as a novel biomarker for GDM. However, 
the reported results have been inconsistent, with previous meta-
analyses suggesting that serum RBP4 levels in early pregnancy show 
an independent positive association with GDM risk (13), and that 
Asian women with GDM had increased circulating RBP4 levels during 
the second/third pregnancy trimester (14). Although such data 
support the hypothesis that circulating RBP4 may be linked to GDM 
(15), there is still a need for a comprehensive systematic analysis and 
an updated meta-analysis of the relevant published studies examining 
the association between GDM and circulating RBP4 levels measured 
during all pregnancy stages/trimesters. Therefore, the present 
systematic review and meta-analysis aimed to explore this potential 
relationship across the pregnancy duration, providing an up-to-date 
critical synthesis of the relevant available data.

2 Materials and methods

The present systematic review adhered to the Preferred Reporting 
Items for Systematic Reviews and Meta-analyses (PRISMA) (16) 
guidelines (Supplementary Table S1.1), and was prospectively 
registered on PROSPERO (International Prospective Register of 
Systematic Reviews – University of York), with the registration 
number CRD42022340097.

2.1 Search strategy and data sources

A search was conducted based on a predefined search strategy 
and was adapted to the syntax and appropriate subject headings of 
the following databases: MEDLINE, CINAHL, EMCARE, EMBASE 
via Ovid, Scopus, and Web of Science. Reference lists were also 
browsed to ensure literature saturation. Final searches were 
completed in June 2023, and the main search strategy for MEDLINE 
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is presented in Table 1, whilst all other search strategies are detailed 
in Supplementary data and Supplementary material 1.2.

2.2 Eligibility criteria

Eligible articles included those conducted in adult (age > 18 years 
old) pregnant women with and without GDM, whose circulating 
levels of RBP4 were measured during at least one pregnancy trimester. 
No restrictions were imposed regarding the year of publication, type 
of setting, language, or timing of RBP4 measurement during the 
pregnancy. All observational study designs were included, while single 
case reports, expert opinion manuscripts, commentaries, animal 
studies, and review articles were excluded.

2.3 Study selection and data extraction

The study selection and data extraction processes were conducted 
independently by two reviewers (BML and LL), and any discrepancies 
or disagreements were resolved through consultation with a third 
reviewer (CK).

The initial selection of potentially eligible studies was based on 
title and abstract screening and was performed using the Rayyan 
software (17), following a predefined protocol. Papers considered 
eligible progressed to a full-text review.

A standardized data extraction form was developed to extract 
relevant information from the included eligible studies. The extracted 
data included country of origin, study design, patient demographics, 
number of participants, and relevant study outcomes/findings (e.g., 
circulating RBP4 levels). In addition, attempts were made to contact 
the corresponding study investigators in cases where relevant data on 
circulating RBP4 levels were missing or reported as median and 
interquartile range (IQR). Where relevant responses were not 
received (18–25), median and IQR data were transformed using the 
formulas provided by Luo et al. (26) and Wan et al. (27). Furthermore, 
for one study (28) these values were extracted from figures using a 
plot digitizer,1 as previously reported (29).

Herein, data on circulating RBP4 levels are reported as mean and 
standard deviations (SDs) (30). For certain included studies (25, 31–
33), it was necessary to combine study groups; this was done using 
recommended formulae (34).

When multiple methods were used to measure circulating RBP4 
levels (23, 24), the enzyme linked immunosorbent assay (ELISA) 
result was chosen as the most commonly utilized method. 
Additionally, for Tepper et  al. (35), a sensitivity analysis was 
conducted by switching the data to Western Blot due to the 
differences observed between measurements.

1  https://apps.automeris.io/wpd/

2.4 Quality assessment

The risk of bias for each included study was assessed independently 
by two reviewers (BML and LL) using the Risk of Bias Assessment 
Tool for Nonrandomized Studies (RoBANS) (36), which covers six 
domains, namely: selection of participants, confounding variables, 
exposure measurement, blinding of outcome assessment, incomplete 
outcome data, and selective outcome reporting. For each domain, the 
risk of bias was assessed as low, high, or unclear. Any disagreements 
were resolved through discussion between reviewers and if needed, 
consultation with a third reviewer (CK).

2.5 Statistical analysis

The statistical analysis was performed using Comprehensive 
Meta-Analysis Version 4.0 (37). The results were reported using the 
standardized mean difference (SMD) to quantify the magnitude of the 
effect and 95% confidence intervals (CI) as a measure of precision 
around effect estimates. The effect size represents the SMD between 
circulating RBP4 levels in the GDM group and the pregnant control 
group at different timepoints (i.e., at the first trimester, 24–28 weeks 
of gestation, and > 28 weeks of gestation).

A random-effects model was used for the performed meta-analysis, 
and the effect size for each timepoint was calculated. Heterogeneity 
among studies was assessed using Cochran’s Q and I2 statistics, and was 
considered significant if p < 0.1 in the Q-test whilst for the I2: 0–40% 
heterogeneity might not be  important; 30–60% may represent 
moderate heterogeneity; 50–90% may represent substantial 
heterogeneity; and 75–100% represents considerable heterogeneity (30).

To investigate heterogeneity, we sub-grouped studies based upon 
the country in which they were conducted, the diagnostic criteria used 
to identify GDM cases, and the RBP4 measurement method/assay. It 
was not possible to sub-group based upon any other variable due to 
the incompleteness of reporting. Supplementary Table S2.1 presents 
the summary of effect estimates and heterogeneity for the sub-groups 
at each pregnancy stage.

For the studies where mean and SDs were calculated (18–25), 
sensitivity analysis was performed, removing studies that contained 
data significantly skewed away from the normal distribution (19, 21, 
22, 24).

Where analyses included ten or more studies (30), publication 
bias was assessed using the Egger’s test and regression intercept. 
Additionally, a Duval and Tweedie’s trim-and-fill analysis was 
conducted to obtain an adjusted summary effect that accounts for 
publication bias.

3 Results

3.1 Study selection

A total of 354 articles were initially identified from the searched 
databases. Following deduplication in RefWorks, this number was 
refined to 155 unique records that required screening. Out of these, 101 
records were excluded during the title and abstract screening process. 
The remaining 54 were successfully retrieved and the full texts were 
assessed for eligibility, resulting in the exclusion of 20 reports for 
various reasons, i.e., one was a duplicate, five had the wrong outcome, 

TABLE 1  MEDLINE search string.

(Retinol binding proteins[MeSH Terms]) OR (retinol binding protein 4) OR 

(retinol-binding protein-4) OR (retinol binding protein-4) OR RBP4 OR (RBP 4) 

OR (RBP-4))

AND

(Pregnancy[MeSH Terms]) OR pregnan*))
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six involved the wrong population, and eight had the wrong study 
design (Figure 1). Furthermore, two studies (38, 39) were included in 
the review, but excluded from the meta-analysis because the reported 
data on RBP4 levels could not be extracted/converted for meta-analysis 
and repeated attempts to contact the authors were unsuccessful.

3.2 Risk of bias assessment

The risk of bias assessment of the included studies is presented in 
Figure 2 and in Supplementary Figure S2.2. Most studies (n = 24; 70.5%) 
had a low risk of bias in participant selection, although some lacked 
clarity in their selection methods (eight studies with high risk of bias, 

and two with unclear; Supplementary Figure S2.2). When it came to 
controlling for confounding variables, 27 studies (77%) were rated as 
having a low risk of bias, with four having an unclear risk, and three 
having a high risk in this regard. When assessing the exposure 
measurement, in five studies the exact criteria used to diagnose GDM 
were unclear, while the rest of the studies were classified as having a low 
risk of bias (87.1%). In terms of utilizing a valid measurement method 
for RBP4, 32 studies (94.1%) had a low risk of bias, but two had unclear 
measurement methods. Given that none of the studies were 
interventional, and therefore did not report on assessor blinding, all had 
an unclear risk of bias in blinding the outcome assessment. Concerning 
handling incomplete outcome data, one study was at a high risk of bias, 
while one other had an unclear risk in this category; the remaining 

FIGURE 1

PRISMA flow diagram of the present systematic review.
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studies (n = 32; 91%) were judged to have a low risk of bias. In the 
selective outcome reporting domain, all studies apart from one had a 
low risk of bias (13, 18–25, 28, 31–33, 35, 39–57); Zhu et al. (58) was 
judged to have an unclear risk.

3.3 Main characteristics of the included 
studies

The main characteristics of the included studies are presented in 
Table  2, and reported circulating RBP4 levels are presented in 
Supplementary Table S1.3. Of the 34 eligible studies, nine measured 
circulating RBP4 levels in the first trimester, 21 at 24–28 weeks, and 14 at 
>28 weeks of gestation. However, two studies did not report the measured 
RBP4 levels in a way that could be  extracted (38, 39), so were not 
included in the meta-analysis. When sensitivity analyses were conducted 
by removing the studies with skewed data, the effect on estimates was 
negligible, therefore they were included in the analysis. The final selected 
studies included a total of 3,595 GDM cases and 4,544 non-GDM controls.

3.4 Circulating RBP4 levels in the first 
trimester of pregnancy

From the nine studies that examined the relationship between 
circulating RBP4 levels during the first pregnancy trimester and 
GDM, seven were meta-analyzed (13, 18–20, 32, 41, 54) (946 GDM 
vs. 1701 non-GDM controls). Based on these, circulating RBP4 levels 
were statistically higher in pregnant women with GDM compared to 
pregnant controls (SMD: 0.322; 95% CI: 0.126 to 0.517; p < 0.001) 
(Figure 3). Moreover, there was substantial heterogeneity among these 
studies (I2 = 80%), although it is essential to acknowledge that the low 
number of eligible studies may limit the reliability of heterogeneity 
estimates (30). Additionally, removal of the study with skewed data in 
a sensitivity analysis (19) slightly reduced the SMD (0.309, 95% CI: 
0.078–0.539; p = 0.009) (Supplementary Table S2.3).

3.5 Circulating RBP4 levels at 24–28  weeks 
of gestation

A total of 19 studies investigated the relationship between 
circulating RBP4 and GDM at 24–28 weeks of gestation and reported 

the corresponding RBP4 levels, with 1776 GDM cases and 1942 
non-GDM controls in the performed meta-analysis. When compared 
to controls, circulating RBP4 levels at 24–28 weeks of gestation were 
significantly higher in women with GDM (SMD: 0.628; 95% CI: 
0.290–0.966; p < 0.001) (Figure 4). Heterogeneity among these studies 
was considerable (I2  = 95%). Furthermore, when switching the 
reported RBP4 data from the Tepper et al. study (35) to their Western 
Blot reported data, the effect estimate remained similar at 0.620 (95% 
CI: 0.282–0.959; p < 0.001). Additionally, removal of the skewed 
studies (19, 21, 22) increased the effect size (SMD: 0.702; 95% CI: 
0.289–1.115; p = 0.001). A one-study-removed analysis was also 
performed, as presented in Supplementary Figure S2.4.

3.6 Circulating RBP4 levels at more than 
28  weeks of gestation

In total, 14 eligible studies compared circulating RBP4 at 
>28 weeks of gestation and reported the corresponding RBP4 levels 
(870 GDM cases vs. 901 non-GMD controls). Based on these, 
circulating RBP4 levels at >28 weeks of pregnancy were statistically 
higher in women with GDM compared to non-GDM controls (SMD: 
0.875; 95% CI: 0.252–1.498; p = 0.006) (Figure  5). Considerable 
heterogeneity was noted among these studies (I2 = 97%), suggesting 
potential differences in the true effect sizes among the populations 
under investigation. Furthermore, removal of the study with skewed 
data (24) slightly increased the SMD to 0.984 (95% CI: 0.348–1.620). 
A one-study-removed analysis was also performed, as presented in 
Supplementary Figure S2.5.

3.7 Sub-group analysis

During the first trimester, sub-group analyses were completed for 
GDM diagnosis, RBP4 measurement method/assay, and country of 
study (Supplementary Table S2.1). Regarding the applied GDM 
diagnostic criteria, only one sub-group (IADPSG criteria) had more 
than one study in; in this group, the effect estimate was increased 
(SMD: 0.347, 95% CI: 0.073–0.621), but so too was the degree of 
heterogeneity (I2 = 85.4%). For RBP4 measurement, there was also 
only one subgroup with more than one study included. Three studies 
used an R&D Systems ELISA (SMD: 0.305, 95% CI 0.203–0.406) 
which reduced the I2 in that sub-group to 0%. Similarly for country in 

FIGURE 2

Risk of bias assessment - summary plot.
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TABLE 2  General characteristics of the eligible studies included in the present systematic review and meta-analysis.

Authors 
(Country)

Group 
Characteristics

GDM 
diagnosis 
made by

Assay for RBP4 Unit Data 
measured at 
(weeks of 
gestation)

Key outcome(s)

Abetew DF et al., 

2013 (41), (United 

States)

GDM (N = 173, 

age = 34.15 ± 4.56); 

Controls (N = 187, 

age = 32.95 ± 4.32)

ADA ELISA (Catalog number 

DRB400, Quantikine 

TM, R&D Systems, 

Minneapolis, MN, 

United States)

μg/mL 16 The mean serum RBP4 level was 

significantly higher among GDM 

cases than controls. There was 

modest evidence of a positive 

association of early pregnancy 

elevated RBP4 concentration with 

increased GDM risk, particularly 

among women of advanced age.

Chan TF et al., 2007 

(42), (Taiwan)

GDM (N = 20, 

age = 32.7 ± 5, 

BMI = 26.1 ± 4.7); 

Controls (N = 20, 

age = 32.7 ± 5, 

BMI = 25.9 ± 2.9)

NDDG ELISA 

(Immundiagnostik AG, 

Bensheim, Germany)

ng/mL 24–28, upon 

delivery

Serum RBP4 concentrations at 

glucose challenge test were 

significantly higher in the GDM 

group than in the healthy control 

group. BMI was significantly 

correlated to serum RBP4 

concentrations by multiple linear 

regression analysis.

Chen and Du, 2011 

(31), (China)

GDM (Obesity: 

age = 32 ± 4.8, normal 

weight: age = 31.7 ± 3.5, 

N = 52); Controls 

(Obesity: age = 28.4 ± 3.1, 

normal weight: 

age = 28.3 ± 3, N = 46)

N/A ELISA μg/L 37–39 Serum RBP4 levels were higher in 

obese pregnant women than in 

non-obese women. RBP4 levels in 

GDM with obesity were higher 

than in other groups.

Du M et al., 2016 

(43), (China)

GDM (N = 38, 

age = 28.79 ± 4.04); 

Controls (N = 38, 

age = 28.92 ± 3.02)

NDDG ELISA (R&D Company, 

United States)

μg/mL 37–42 RBP4 levels were higher in 

women with GDM. In healthy 

controls, RBP4 concentrations 

were positively correlated with 

HOMA-IR and TG.

Du X et al., 2019 

(44), (China)

GDM (N = 194, 

age = 31.71 ± 3.63); 

Controls (N = 67, 

age = 31 ± 3.43)

FIGO ELISA (R&D Systems in 

the United States of 

America)

μg/mL 24–28, 37–40 RBP4 levels were significantly 

higher in the GDM group 

compared to control group. RBP4 

is related to GDM, and its levels 

increase with the increase of 

gestational weeks.

Ping F et al., 2012 

(45), (China)

GDM (N = 488); GIGT 

(N = 235); NGT 

(N = 582); Normal 

(GCT−) (N = 290)

ADA ELISA (Phoenix, 

Belmont, CA, 

United States EK-028-28)

μg/mL 13–15, 24–28 The estimated indices of IR 

gradually increased from NGT to 

GDM. RBP4 mRNA expression 

in adipose tissue of GDM patients 

was significantly increased.

Francis E et al., 2020 

(39), (United States)

GDM (N = 107, 

age = 30.5 ± 5.7); Controls 

(N = 214, age = 30.4 ± 5.4)

Carpenter-

Coustan

Quantikine Human 

RBP4 Immunoassay 

(R&D Systems)

N/A 10–14, 15–26, 

23–31, 33–39

Adipokines, including FABP4, 

chemerin, and sOB-R may 

be implicated in the pathogenesis 

of GDM, with significant 

associations detected 

approximately 10–18 weeks 

before typical GDM screening. 

Chemerin and RBP4 were 

associated with a worse lipid 

profile.
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Key outcome(s)

Fruscalzo A et al., 

2015 (32), (Italy)

GDM (iGDM: 

age = 33.55 ± 4.06, 

dGDM: 

age = 33.43 ± 4.03) 

(N = 32); Controls (AGA: 

age = 37.18 ± 4.44, LGA: 

age = 32.85 ± 3.47) 

(N = 64)

IADPSG Non-commercial ELISA 

using polyclonal rabbit 

anti-human antibodies 

(Biozol, Eching, 

Germany)

11–13 GDM patients were characterised 

by reduced RBP4 compared to 

controls.

Gashlan H et al., 

2017 (46), (Saudi 

Arabia)

GDM (N = 51, 

age = 32.4 ± 0.98, 

BMI = 33.8 ± 1.01); 

Controls (N = 37, 

age = 34 ± 1.52, 

BMI = 33.4 ± 0.81)

WHO Assay from Elabscience 

Company (Wuhan, 

China)

ng/mL 2nd trimester, 3rd 

trimester

RBP4 was significantly decreased 

in GDM compared to control and 

was significantly correlated with 

IR in the GDM group only.

Gorkem U et al., 

2016 (21), (Turkey)

GDM (N = 76, age = 29 

(24–28), BMI = 33.25 

(22.8–52.2)); Controls 

(N = 82, age = 26 (18–35), 

BMI = 26.43 (19.1–47))

Carpenter- 

Coustan

ELISA 

(Immundiagnostik, 

Immundiagnostik AG; 

Bensheim, Germany)

mg/mL 24–28 Serum RBP4 did not demonstrate 

significant differences between 

GDM and controls.

Hou W et al., 2018 

(18), (China)

GDM (N = 131, 

age = 31.4 ± 3.8); Controls 

(N = 138, age = 30.4 ± 3.8)

IADPSG N/A mg/L 12 Multivariate models combining 

clinical markers and metabolites 

can potentially differentiate GDM 

subjects from healthy controls. 

Pre-pregnancy BMI was higher in 

GDM participants, as were ChE, 

RBP4, CysC and TG.

Jia X et al., 2022 

(47), (China)

GDM (N = 62, 

age = 29.38 ± 4.65, 

BMI = 22.79 ± 2.93); 

Controls (N = 58, 

age = 28.93 ± 3.31, 

BMI = 25.8 ± 3.04)

People’s 

Republic of 

China Health 

Industry 

Standards

ELISA (American RD 

Company, San Francisco, 

CA, United States)

μg/mL 24–28 There were no statistically 

significant differences in RBP4 

levels in GDM compared to 

healthy pregnancies. There were 

higher serum FGF-21 levels in 

GDM, which might be related to 

pre-pregnancy BMI, weight gain 

during pregnancy, leptin, RBP4, 

and adiponectin.

Jin C et al., 2020 

(19), (China)

GDM (N = 135, age = 29 

(28–33)); Controls 

(N = 135, age = 29 (28–

33))

IADPSG ELISA (R&D Systems 

China, Shanghai)

μg/L < 14, 24–28 The GDM cases had significantly 

higher levels of RBP4 in the first 

trimester than controls. With 

adjustment for diet, physical 

activity, and other risk factors for 

GDM, the risk of GDM increased 

with every 1-log μg/L increment 

of RBP4 level.

Khovidhunkit W 

et al., 2012 (33), 

(Thailand)

GDM (N = 171, age = 33 

(29–37)); Non-GDM 

(GIGT, NGT) (N = 361, 

age = 33 (28–36)); GCT− 

(N = 22, age = age = 32 

(26–39))

Carpenter-

Coustan

ELISA (R&D Systems 

Minneapolis, MN)

μg/mL 24–28 The degree of IR was higher in 

the GDM group than the non-

GDM group, but serum RBP4 

levels between the 2 groups were 

not different. Serum RBP4 levels 

in pregnancy are not associated 

with IR.
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Kim SH et al., 2007 

(48), (South Korea)

GDM (N = 10, 

age = 32.6 ± 3); Controls 

(N = 9, age = 32.6 ± 3.3)

ADA ELISA 

(Immundiagnostik, 

Bensheim, Germany)

μg/mL 24–28 Women with GDM had higher 

RBP4 concentrations than those 

seen in healthy women during 

pregnancy, but short-term rise in 

serum insulin did not modulate 

circulating RBP4 concentrations.

Klein K et al., 2010 

(49), (Austria)

GDM (N = 63, 

age = 33.3 ± 4.8, 

BMI = 28.1 ± 6.2); 

Controls (N = 38, 

age = 32.7 ± 5.2, 

BMI = 27.7 ± 5.6)

German & 

Austrian 

Society for 

Diabetes 

(modified 

Carpenter 

Coustan)

ELISA (DRG 

Instruments, Marburg, 

Germany)

mg/L 24–28, 33 Serum RBP4 levels increased 

significantly between the two 

measurements in patients with 

GDM. In patients with GDM, 

RBP4 concentrations at 33 weeks 

of gestation correlated positively 

with mean blood glucose and 

HbA1c values.

Krzyzanowska K 

et al., 2008 (24), 

(Austria)

GDM (N = 41, age = 33 

(29–35), BMI = 34 (29–

38); Controls (N = 45, 

age = 28 (24–34), 

BMI = 29 (25–31))

4th 

Workshop 

Conference 

of GDM

ELISA (RBP4 EIA kit; 

Phoenix 

Pharmaceuticals, 

Belmont, CA, 

United States)

μg/mL 29, 30, 8 weeks 

after delivery

Women with GDM had lower 

RBP4 levels than controls. The 

RBP4: retinol ratio and the 

RBP4:TTR ratio are more 

informative than RBP4 levels 

alone when assessing insulin–

glucose homeostasis during 

pregnancy.

Kuzmicki M et al., 

2011 (22), (Poland)

GDM (N = 88, age = 29.5 

(27–33), BMI = 27.2 

(25.2–30.1)); Controls 

(N = 86, age = 29.5 (27–

31.5), BMI = 27.3 (23.1–

29.4))

WHO ELISA (Phoenix 

Pharmaceuticals, Inc., 

United States)

mg/L 24–30, 36–40 Serum RBP4 concentration and 

its expression in SAT were higher 

in the women with GDM than in 

the controls. No association 

between serum or tissue RBP4 

and the indices of IR was noted.

Lewandowski KC 

et al., 2008 (50), 

(Poland)

GDM (GCT+, OGTT+) 

(N = 15, age = 34 (29–36), 

BMI = 26.3 (29.4–30.1)); 

IGT (GCT+, OGTT−) 

(N = 15, age = 32 (32–36), 

BMI = 25.1 (23.7–28.4)); 

Controls (GCT−, 

OGTT−) (N = 20, 

age = 32 (29–35), 

BMI = 25.1 (23.5–28.2))

WHO Commercial RBP4 assay 

kit (Phoenix 

Pharmaceuticals Inc.: 

Burlingame, California, 

United States)

μg/mL 28 RBP4 levels were higher in 

women with GDM than in 

controls but did not correlate 

with IR.

Liu M et al., 2020 

(51), (China)

GDM (N = 50, 

age = 33.88 ± 4.22, 

BMI = 27.69 ± 4.47); 

Controls (N = 47, 

age = 33.66 ± 3.97, 

BMI = 27.39 ± 2.32)

IADPSG ELISA (Cusabio Biotech, 

Wuhan, Hubei, China)

μg/mL 37–42 GDM subjects had a lower RBP4/

TTR ratio than the control 

subjects.

Maghbooli Z et al., 

2010 (52), (Iran)

GDM (N = 92, 

age = 32.48 ± 5.23); 

Controls (N = 100, 

age = 27.88 ± 7.07)

O’Sullivan 

and Mahan 

criteria

ELISA (AdipoGen Kit, 

AdipoGen, Seoul, Korea)

μg/mL 24–28 RBP4 concentrations in GDM 

patients were significantly higher 

than in controls.
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Mazaki-Tovi S et al., 

2010 (25), (United 

States)

GDM (AGA: age = 34 

(28–39), LGA: age = 32 

(30–38)) (N = 97); 

Controls (AGA: age = 26 

(22–29), LGA: age = 28 

(22–32)) (N = 108)

WHO Sensitive ELISA 

(Millipore Corporation, 

St. Charles, MO, 

United States)

ng/mL >37 Patients with GDM had a higher 

median plasma concentration of 

RBP4 than normal pregnant 

women. GDM is characterized by 

alterations in maternal circulating 

RBP4 concentrations.

Nanda S et al., 2013 

(20), (United 

Kingdom)

GDM (N = 60, age = 32 

(28.5–35.6), BMI = 28.6 

(24.6–4.2)); Controls 

(N = 240, age = 33 (27.3–

35.9), BMI = 23.8 (21.7–

26.2)); Pre-eclampsia 

(N = 60); LGA (N = 60); 

SGA (N = 60)

WHO ELISA 

(Immundiagnostik, 

Stubenwaldallee, 

Bensheim, Germany

ng/mL 11–13 The serum concentration of 

RBP4 in the first trimester was 

not significantly different 

between the groups.

Ortega-Senovilla H 

et al., 2011 (28), 

(Spain)

GDM (N = 98, 

age = 30.9 ± 0.5); Controls 

(N = 86, age = 28.7 ± 0.5)

Carpenter- 

Coustan

Sandwich ELISA 

(AdipoGen, Seoul, 

Korea)

μg/mL 1 week before 

delivery

Maternal serum insulin, insulin-

to-glucose ratio, HOMA-IR and 

RBP4 were higher, and 

adiponectin was lower in GDM 

than in control subjects.

Saucedo R et al., 

2011 (40), (Mexico)

GDM (N = 60, 

age = 31.9 ± 5.6, 

BMI = 30.2 ± 4.9); 

Controls (N = 60, 

age = 24.8 ± 6.4, 

BMI = 28.4 ± 7.3)

ADA RIA, using reagents from 

Phoenix Pharmaceuticals 

(Belmont, CA)

μg/mL 30, 6 weeks 

postpartum, 

6 months 

postpartum

Women with GDM showed 

higher IR than controls. There 

was no difference in adipokines 

between the two groups, but in 

women with a healthy pregnancy, 

RBP4 was associated with IR.

Skvarca A et al., 

2012 (23), (Slovenia)

GDM (N = 30, 

age = 30.33 ± 4.86, 

BMI = 27.57 (24.88–

29.76)); IGT (N = 19, 

age = 30.84 ± 4.51, 

BMI = 27.61 (23.78–

31.18)); Controls (N = 25, 

age = 31.2 ± 3.34, 

BMI = 25.39 (23.18–

27.43))

4th 

Workshop 

Conference 

of GDM

Commercially available 

ELISA

mg/L 24–28 Significant differences in 

HOMA–IR were found, but no 

significant differences in serum 

adipokine levels. Adiponectin, 

leptin, resistin, visfatin and RBP4 

were not associated with the 

degree of glucose intolerance in 

pregnancy.

Su YX et al., 2010 

(53), (China)

NP-NGT (N = 65, 

age = 28.1 ± 3.4); GDM 

(N = 63, age = 28.8 ± 1.8, 

BMI = 25.5 ± 2.6); 

Controls (N = 58, 

age = 28.4 ± 2.4, 

BMI = 24.9 ± 2.1)

ADA Sandwich ELISA (a 

protocol developed 

in-house) using affinity 

chromatography-purified 

polyclonal and 

monoclonal antibodies 

generated against 

recombinant human 

RBP4 protein

mg/L 24–28 Serum RBP4 levels in the 

pregnant NGT and GDM groups 

were significantly higher than in 

the non-pregnant. RBP4 levels 

were much higher in the GDM 

vs. pregnant NGT group. Serum 

RBP4 levels significantly increase 

in pregnancy, independent of age 

and BMI. RBP4 levels appear to 

be a valuable marker of IR and 

dysfunctional lipid metabolism in 

pregnancy.
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Tepper BJ et al., 

2010 (35), (United 

States)

GDM (N = 12, 

age = 28.6 ± 4.9, 

BMI = 31.1 ± 0.6); 

Controls (N = 10, 

age = 28.8 ± 6.2, 

BMI = 31.1 ± 0.9)

Carpenter-

Coustan

ELISA μmol/L 24–28 RBP4, retinol and RBP4/retinol 

molar ratio were not different 

between the groups; GDM is not 

associated with RBP4 or retinol 

among borderline-obese pregnant 

women.

Wu P et al., 2021 

(13), (China)

GDM (N = 332, age = 28 

(25–30)); Controls 

(N = 664, age = 28 (25–

30))

IADPSG ELISA (R&D 

Quantikine)

μg/mL 9–12 RBP4 was associated with a 1.39-

fold higher risk of GDM. Serum 

RBP4 levels in early pregnancy, 

independent of metabolic risk 

factors, are positively associated 

with the risk of GDM.

Yuan X et al., 2017 

(54), (China)

GDM (N = 86, age = 29 

(27–33), BMI = 24.58 

(21.72–26.98)); Controls 

(N = 273, age = 26 (24–

28.25), BMI = 22.32 

(20.66–28.25))

IADPSG Automatic biochemical 

analyzer (Hitachi 7,180; 

Hitachi, Ibaraki-ken, 

Japan) using commercial 

kits (Wako Pure 

Chemical Industries, 

Osaka, Japan)

μg/mL 16–18 The group that developed GDM 

had statistically significantly higher 

concentrations of ficolin-3, CRP, 

RBP4 and FFAs than the control 

group. The elevated ratios of RBP4/

adiponectin were also observed in 

participants who developed GDM.

Zhang H et al., 2022 

(55), (China)

GDM (N = 70, 

age = 25.68 ± 4.27); 

Controls (N = 70, 

age = 27.02 ± 3.54)

Obstetrics 

and 

Gynecology 

Section of the 

Chinese 

Medical 

Association

ELISA (R&D System, 

United States)

mg/L 35–40 Glucose metabolism and islet 

function in women with GDM 

are significantly correlated with 

serum RBP4.

Zhang Y et al., 2016 

(56), (China)

GDM (N = 40, 

age = 32.24 ± 3.81, 

BMI = 27.55 ± 3.4); 

Controls (N = 240, 

age = 28.21 ± 4.12, 

BMI = 24.31 ± 2.92)

IADPSG ELISA (R&D Systems, 

China, Shanghai)

mg/L 24–28,

>37

The GDM group showed greater 

levels of AFABP, leptin and RBP4 

and a decreased adiponectin 

level.

Zhaoxia L et al., 

2014 (57), (China)

GDM (N = 35, 

age = 29 ± 2.53); Controls 

(N = 35, age = 29.3 ± 3.06)

NDDG Double antibody 

sandwich ELISA 

(Phoenix Pharmaceutical 

Company, Saint Joseph, 

MO)

μg/mL 24–28 Serum RBP4 levels in the GDM 

group were significantly higher 

than in the control group. Serum 

RBP4 levels in the GDM group 

were correlated with HOMA-IR, 

TG and blood glucose levels.

Zhu JP et al., 2014 

(58), (China)

GDM (N = 177); Controls 

(N = 354)

N/A N/A mg/L 24–28 The plasma glucose, serum insulin, 

HOMA-IR, HbA1C and TG levels 

were significantly higher in the 

GDM group than in the controls. 

RBP4 levels of GDM women were 

significantly and positively 

correlated with the BMI.

Units: age: years; BMI: kg/m2. ADA, American Diabetes Association; AFABP, adipocyte fatty acid-binding protein; AGA, appropriate for gestational age; BMI, body mass index; ChE, chemerin 
E; CRP, C-reactive protein; CysC, cystatin C; dGDM, diet treated gestational diabetes mellitus; ELISA, enzyme-linked immunosorbent assay; FABP4, fatty acid binding protein 4; FGF-21, 
fibroblast growth factor 21; FIGO, International Federation of Gynecology and Obstetrics; GCT−, normal glucose challenge test; GCT+: abnormal glucose challenge test; GDM, gestational 
diabetes mellitus; GIGT, gestational impaired glucose tolerance; HbA1c, glycated hemoglobin; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; IADPSG, International 
Association of Diabetes and Pregnancy Study Groups; iGDM, insulin treated gestational diabetes mellitus; IGT, impaired glucose tolerance; IR, insulin resistance; LGA, large for gestational 
age; mRNA, messenger ribonucleic acid; NDDG, National Diabetes Data Group; NGT, normal glucose tolerance; OGTT−, normal oral glucose tolerance test; OGTT+, abnormal oral glucose 
tolerance test; PAI-1, plasminogen activator inhibitor-1; RBP4, retinol-binding protein 4; RIA, radioimmunoassay; SAT, subcutaneous adipose tissue; sOB-R, soluble leptin receptor; TG, 
triglycerides; TTR, transthyretin; WHO, World Health Organization.
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which included studies were conducted, it was only studies from 
China that constituted a group including multiple studies; the effect 
estimate was larger (SMD: 0.473, 95% CI: 0.237–0.708) in this 
sub-group, but the I2 was practically unchanged.

For 24–28 weeks of gestation, the sub-group analysis based upon 
the applied GDM diagnostic criteria identified four sub-groups that 
contained more than one study (Supplementary Table S2.1). As 
such, studies using the ADA, or Carpenter-Coustan, or 4th 
Workshop conference criteria were grouped together based on the 
applied GDM diagnostic cut-offs/criteria specified in the 
corresponding papers (7 studies, 1894 participants). For these, the 
statistical effect was lost, whilst the I2 was reduced to 63.5%. For the 
sub-group of studies using the IADPSG, or FIGO, or People’s 
Republic of China Health Industry Standards criteria (4 studies, 931 
participants), the SMD increased to 1.402 (95% CI: 0.084 to 2.721) 

and so too did the I2 (98.5%). When the studies using the WHO 
criteria were grouped there was still considerable heterogeneity 
(93.0%), and the statistical effect was lost. Finally, for the two studies 
using the NDDG GDM criteria, the effect estimate retained 
statistical significance (SMD: 1.198, 95% CI: 0.696–1.699), whilst 
heterogeneity was reduced to an amount that may not be important 
(I2 = 32.1%). When RBP4 measurement method/assay was 
sub-grouped, three sub-groups were created 
(Supplementary Table S2.1). The sub-groups which used either an 
R&D Systems (five studies; SMD: 1.151, 95% CI: 0.042–2.260) or a 
Phoenix Pharmaceuticals (five studies; SMD: 0.699, 95% CI: 0.167–
1.232) ELISA retained statistical effects, but with considerable 
heterogeneity (I2 = 98.1 and 88.3%, respectively). For the third 
sub-group which used an Immundiagnostik AG ELISA, the 
statistical effect estimate was lost, whilst there was still evidence of 

FIGURE 3

Forest plot of circulating RBP4 levels: gestational diabetes mellitus (GDM) compared to control in the first trimester of pregnancy. Std diff in means: 
standardized mean difference; CI: Confidence intervals.

FIGURE 4

Forest plot of circulating RBP4 levels: gestational diabetes mellitus (GDM) compared to control at 24-28 weeks of gestation. Std diff in means: 
standardized mean difference; CI: Confidence intervals.
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substantial heterogeneity (I2 = 78.8%). Finally, for sub-group analysis 
based upon country in which included studies were conducted, only 
two countries had more than one study, namely China (8 studies, 
SMD: 1.001; I2 = 97.6%) and Poland (2 studies, SMD: 0.922; 
I2 = 85.8%). A considerable degree of heterogeneity was apparent in 
both these sub-groups, while a statistical effect was retained for the 
studies from China only (Supplementary Table S2.1).

When sub-group analysis was completed based upon the applied 
GDM diagnostic criteria for the >28 weeks of gestation timepoint 
(Supplementary Table S2.1), a statistical effect was not retained for 
any of these sub-groups. The heterogeneity remained at a 
considerable level (I2 > 95%) for all but one of these sub-groups, 
namely the sub-group of studies that applied the WHO criteria for 
which the heterogeneity was reduced to a level that may not 
be  important (3 studies; I2 = 34.7%). When RBP4 measurement 
methods/assays were sub-grouped, only two sub-groups were 
formed. For the four studies which used the R&D Systems ELISA 
(SMD: 2.337, 95% CI: 2.130–2.544) a statistical effect was retained, 
whereas for the two studies which used the Phoenix Pharmaceuticals 
ELISA the statistical effect was lost. Both these sub-groups 
demonstrated a considerable amount of heterogeneity (I2 ≥ 90%). 
Finally, based upon country in which included studies were 
conducted, sub-group analysis was possible only for China (six 
studies) and Austria (two studies). A statistical effect was retained 
for the studies from China (SMD: 1.708, 95% CI: 0.634–2.782), but 
not for the studies from Austria. Both these sub-groups had a 
considerable degree of heterogeneity (I2 > 88%).

3.8 Publication bias

Egger’s regression intercept test indicated that publication was 
not present at 24–28 weeks of gestation (t = 1.3, p = 0.2) 
(Supplementary Figure S2.6) nor at >28 weeks of gestation (t = 0.2, 
p = 0.8) (Supplementary Figure S2.7).

4 Discussion

The pathogenesis of GDM remains a subject of intense research 
interest due to the increasing GDM prevalence and the potential 
significant health implications for both mothers and offspring. In this 
context, recent research has further focused on novel factors (e.g., 
circulating adipokines such as RBP4) which appear implicated in the 
pathogenesis of GDM and may be utilized as GDM biomarkers (59). 
Therefore, this systematic review and meta-analysis aimed to offer 
up-to-date, comprehensive evidence on the relationship between 
circulating RBP4 levels and GDM at various timepoints across the 
pregnancy. The present meta-analyses included data from seven 
eligible studies examining circulating RBP4 levels in the first trimester, 
19 studies at 24–28 weeks, and 13 studies at >28 weeks of pregnancy. 
Overall, the results showed statistically higher RBP4 levels in women 
with GDM compared to non-GDM controls at these different 
pregnancy timepoints.

Indeed, such a statistical difference in the circulating RBP4 levels 
was evident during the first trimester when women with and without 
GDM were compared. This finding suggests that circulating RBP4 
levels in early pregnancy may be  an early biomarker for GDM; 
although, the limited number of eligible existing studies for this early 
pregnancy timepoint warrants caution in interpreting this finding. 
Nevertheless, this is in accord to that from a previous meta-analysis 
from Wu et al. (13) on the association between RBP4 levels in early 
pregnancy and GDM risk. However, the paucity of relevant data for this 
pregnancy trimester/timepoint was also noted in this previous meta-
analysis, together with potential ethnic-related differences; hence, 
further research is clearly required to determine if circulating RBP4 has 
potential as a GDM-related biomarker during the first trimester.

The present meta-analysis also revealed statistically higher 
circulating RBP4 levels in GDM cases compared to non-GDM 
controls at 24–28 weeks of gestation. The noted moderate effect size 
during this pregnancy period suggests that such elevated circulating 
RBP4 levels may be associated to GDM. This finding is in accord with 

FIGURE 5

Forest plot of circulating RBP4 levels: gestational diabetes mellitus (GDM) compared to control at more than 28 weeks of gestation. Std diff in means: 
standardized mean difference; CI: Confidence intervals.
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previous research indicating the potential role of RBP4  in insulin 
resistance and glucose metabolism regulation after the first trimester 
of pregnancy (13–15). Thus, monitoring circulating RBP4 levels in 
pregnant women during the second trimester could be  further 
explored as a potential GDM biomarker.

Finally, at >28 weeks of pregnancy, our meta-analysis also 
revealed higher circulating RBP4 levels in patients with GDM 
compared to non-GDM controls. The relatively large effect size noted 
for this gestation period indicates a potential relationship between 
these RBP4 levels in late pregnancy and GDM. Indeed, it is plausible 
that elevated circulating RBP4 levels at this stage may reflect an 
intensified insulin-resistant state, a hallmark of GDM, although 
further research is also required to establish this link.

Collectively, the findings of the present systematic review and meta-
analysis offer updated evidence, which is also in line with Huang et al. 
(14) who conducted the first reported meta-analysis of observational 
studies aiming to investigate the relationship between circulating RBP4 
levels and GDM. Indeed, their data included a total of 14 studies with 
884 women with GDM and 1,251 normoglycemic pregnant women. 
Similar to the present meta-analysis, their overall results showed that 
circulating RBP4 levels were significantly higher in women with GDM 
compared to the studied controls. However, their stratified results 
indicated that this significant difference was observed only in the 
second/third trimester and was limited to Asian populations. This may 
be, at least in part, attributed to the lower number of eligible studies 
analyzed by Huang et al. (14), whilst potential ethnic differences in 
circulating RBP4 levels in pregnancy and GDM merits further targeted 
research. Another meta-analysis by Hu et al. (15) also included 14 case–
control studies on serum RBP4 levels and GDM risk, involving a total 
of 647 GDM cases and 620 controls. This showed that high serum RBP4 
levels represent a risk factor for GDM, with a pooled SMD of 0.758 
(95% CI: 0.387–1.128). Their subgroup analyses based on gestational 
age at blood sampling and diagnostic criteria were consistent with the 
overall results, supporting the hypothesis that elevated RBP4 is a 
modest independent risk factor for GDM. However, in contrast with 
our present findings, no association was found by Hu et al. between 
circulating RBP4 levels and GDM in the first trimester. This may 
be partly due to changing insulin resistance levels during pregnancy; 
however, it should be noted that our meta-analysis included seven 
studies which assessed circulating RBP4 levels during the first trimester, 
while only one such study was included in the analyses by Hu et al. (15), 
potentially reducing the reliability of their stratified analysis on this 
point. Finally, another meta-analysis (60) that focused on the 
association of leptin and RBP4 with GDM risk included six studies with 
a total of 2,715 participants and 841 cases of GDM. In that meta-
analysis, serum RBP4 levels also showed a significant positive 
association with the overall GDM risk, and pregnant women with the 
highest serum RBP4 levels were 2.04-fold more prone to GDM than 
those with the lowest levels. However, as with our findings, significant 
heterogeneity of the included studies was also noted (60). Overall, the 
exiting evidence supports the association of higher circulating RBP4 
levels during pregnancy in patients with GDM, whilst this association 
appears to be more consistent in later pregnancy stages (second/third 
trimester), as was also documented in the aforementioned previous 
meta-analyses (14, 15). While this growing evidence is promising, 
further research is still required to advance our understanding, validate 
previous findings, and better explore the clinical implications of 
circulating RBP4 in the context of GDM.

The present meta-analysis has several strengths, including a 
comprehensive study selection process, thorough risk of bias 
assessment, and a relatively large sample size of 32 included studies 
with 3,595 GDM cases and 4,544 non-GDM controls, which is larger 
than previous meta-analyses on this topic. Indeed, by including 
detailed temporal analyses at different (early, mid, and late) pregnancy 
stages, the present work adds to the understanding of the potential 
association between circulating RBP4 levels and GDM. Moreover, the 
performed sensitivity analyses, addressing skewed data and the impact 
of specific studies, enhance the robustness of the present findings. 
Finally, our systematic review and meta-analysis addresses and 
evaluates potential publication bias, contributing to the overall 
reliability of the reported results.

However, certain limitations of the present work should also 
be acknowledged. Firstly, the total number of existing eligible studies 
included in some analyses was limited, which may have affected the 
robustness of the results. In addition, the study designs, participant 
characteristics, and laboratory methods for measuring RBP4 varied 
among the included studies, contributing to the observed high 
heterogeneity which may affect the reliability of the meta-analysis 
results, whilst inconsistencies in how relevant data are reported 
across the included studies might affect the accuracy of the present 
meta-analysis. A meta-regression would have been useful to help 
explain the high degree of heterogeneity in the analyses, but this was 
not performed due to inconsistencies with how continuous variables 
were reported across the identified studies (i.e., not all studies 
reported all variables). Moreover, variation in the methods used to 
measure circulating RBP4 levels across the identified studies could 
impact on the comparability of the results. Notably, most of the 
included studies were retrospective case–control studies, thus 
causality could not be established, whilst this may also introduce bias. 
The generalizability of the findings may be also limited by the small 
sample sizes of some of the included eligible studies. Furthermore, 
the identified statistically significant differences between GDM and 
non-GMD pregnancies cannot be necessarily considered as clinically 
significant, particularly given the proximity of the lower bound CI to 
zero. As is also common in systematic reviews, the possibility of 
publication bias, where studies with significant findings are more 
likely to be  published, may have introduced a bias regarding the 
eligible studies which are published and are subsequently included in 
the searched databases. Finally, although multiple established 
biomedical databases were searched, the present systematic review 
identified only articles with English-language abstracts and main text 
written in either English or Chinese, which may have introduced a 
potential language bias.

5 Conclusion

The present systematic review and meta-analysis offers updated 
and comprehensive data which suggest that circulating RBP4 levels 
measured at different pregnancy timepoints/stages are higher in 
patients with GDM compared to non-GDM controls. Taken 
together with previous findings, this suggests that circulating RBP4 
could be  considered as a potential biomarker associated with 
GDM. Given that circulating levels of RBP4 are not routinely 
measured in the clinical practice, it is plausible that standardizing 
the method/assay for measuring circulating RBP4  in routine 
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practice and adding this measurement as part of the GDM risk 
assessment visit/protocol in the context of antenatal care may 
be helpful to promptly identify those at high risk. However, the 
scarcity of relevant data particularly for early pregnancy and the 
noted high study heterogeneity, as well as factors relating to 
variability in RBP4 measurement methods and GDM diagnostic 
criteria/protocols, highlight the need for additional research in this 
field. Particularly, prospective (including the first trimester) and 
large-scale cohort studies across diverse populations and with 
standardized measurements of circulating RBP4 are needed to 
validate the present findings and confirm the generalizability of 
existing evidence. Future studies should also explore the potential 
underlying biological mechanisms which may link RBP4 to GDM, 
considering key pathophysiologic factors, such as insulin resistance 
and obesity-related inflammation.
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the effects of gestational
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University, Dezhou, China, 4Department of Obsterics and Gynecology, Dezhou Maternal and Child
Health Hospital, Dezhou, China, 5Department of Ecology and Environmental Protection, Linyi
Vocational College of Science and Technology, Linyi, China, 6College of Life Science, Dezhou
University, Dezhou, China, 7College of Ecology, Resources and Environment, Dezhou, China,
8Graduate School of Peking Union Medical College, Chinese Academy of Medical Sciences,
Beijing, China, 9Department of Genetics, Key Laboratory of Reproductive Health Engineering
Technology Research of China’s National Health Commission, Beijing, China
Background: Both the mother and the infant are negatively impacted by

macrosomia. Macrosomia is three times as common in hyperglycemic mothers

as in normal mothers. This study sought to determine why hyperglycemic

mothers experienced higher macrosomia. Methods: Hematoxylin and Eosin

staining was used to detect the placental structure of normal mother(NN),

mothers who gave birth to macrosomia(NM), and mothers who gave birth to

macrosomia and had hyperglycemia (DM). The gene expressions of different

groups were detected by RNA-seq. The differentially expressed genes (DEGs)

were screened with DESeq2 R software and verified by qRT-PCR. The STRING

database was used to build protein-protein interaction networks of DEGs. The

Cytoscape was used to screen the Hub genes of the different group.

Results: TheNN group’s placental weight differed significantly from that of the other

groups. The structure of NN group’s placenta is different from that of the other

group, too. 614 and 3207 DEGs of NM and DM, respectively, were examined in

comparison to the NN group. Additionally, 394 DEGs of DM were examined in

comparison to NM. qRT-PCR verified the results of RNA-seq. Nucleolar stress

appears to be an important factor in macrosomia, according on the results of

KEGG and GO analyses. The results revealed 74 overlapped DEGs that acted as links

between hyperglycemia and macrosomia, and 10 of these, known as Hub genes,

were key players in this process. Additionally, this analysis believes that due of their

close connections, non-overlapping Hubs shouldn’t be discounted.

Conclusion: In diabetic mother, ten Hub genes (RPL36, RPS29, RPL8 and so on) are

key factors in the increased macrosomia in hyperglycemia. Hyperglycemia and

macrosomia are linked by 74 overlappingDEGs. Additionally, this approach contends

that non-overlapping Hubs shouldn’t be ignored because of their tight relationships.
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macrosomia, hyperglycemia, placenta, differentially expressed genes, hub genes
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1 Introduction

Macrosomia is typically defined as a birth weight above the 90th

percentile for gestational age or >4,000 g. Gestational diabetes

mellitus is a state of hyperglycemia that occurs during pregnancy.

Macrosomia has a number of negative impacts on both moms and

infants (1). Hyperglycemia can result in serious maternal and

newborn problems, which are a growing source of health anxiety

(2). When compared to controls with normal glucose levels, about

15–45% of infants born to diabetic moms may develop macrosomia,

which is a 3-fold greater rate. More studies are proving that aberrant

placenta development and function are related to pregnancy

problems and poor fetal outcomes associated with hyperglycemia

(3). In order to reduce macrosomia, it is necessary to understand the

process through which hyperglycemia causes macrosomia.

Previous research has attempted to identify the reason why

gestational diabetes mellitus (GDM) suffers from higher

macrosomia. According to metabolic profile of carnitine

metabolism in second trimester GDM women, Carnitine

metabolism aberration could predict macrosomia complicated

with GDM (4). Reduced maternal adiponectin and higher IGF-1

levels in the placenta of GDM women may have increased GLUT-1

expression through enhanced insulin/IGF-1 signaling, which may

have affected fetal growth (5). With a normal pre-pregnancy BMI,

the development of GDM-induced macrosomia is tightly correlated

with fasting plasma glucose and placenta. The mechanism may be

hyperglycemia promotes trophoblast cell proliferation via ERK1/2

signaling (6).

By examining the gene expression of macrosomia and

hyperglycemia combined with macrosomia, we intended to

investigate the reason why there is greater macrosomia in

hyperglycemia in the current study. Three groups of clinic

samples were created. We collected the placentas from NN, NM,

and DM. H&E staining was used to reveal their structural details.

The placentas from the three groups were subjected to RNA-seq. In

order to identify the DEGs between NN and NM, NN and DM, and

NM and DM, the following thresholds were used: p<0.05 and |log2

(fold change)|>1. qRT-PCR was used to validate several DEGs. We

examined the functional and route enrichment of DEGs to better

investigate the connection between hyperglycemia and

macrosomia. The CytoHubba in Cytoscape plug-in was used to

aid in the selection of the Hub genes. To investigate the mechanism

of macrosomia brought on by hyperglycemia, the overlapping

DEGs and the protein-protein interaction (PPI) between Hub

genes from different comparisons were investigated.
2 Materials and methods

2.1 Patients

The department of obstetrics and gynecology of Maternal and

Child Health Centre in Dezhou recruited the subjects. After

receiving informed consent, placental tissue samples were

collected for this investigation, which was authorized by the
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institutional review board. Ages of the expectant mothers ranged

from 25 to 40. The chosen control women had no relevant medical

history and no difficulties from pregnancy. Newborns were weighed

right after delivery. According to Endocrine Society standards,

hyperglycemia was diagnosed when fasting blood glucose was >

5.1 mmol/L. When the birth weight exceeded 4,000 grams,

macrosomia was identified.
2.2 Tissue collection

Placentas were obtained from 30 healthy women, 15 women

with macrosomia and 15 women with hyperglycemia and

macrosomia immediately after caesarean section, some

immediately frozen in liquid nitrogen for RNA extraction, and

some immobilized in formaldehyde for H&E staining.
2.3 Placentas morphology

Placentas tissue (n=10) from each group were fixed in 4%

formaldehyde, embedded in paraffin, and sectioned at 4 µm

thickness for visualization. H&E staining was used to observe the

sections under a microscope (Nikon, Eclipse).
2.4 RNA library construction and high-
throughput sequencing

Following the manufacturer’s instructions, total RNA was

extracted from placentas using Trizol Reagent (Invitrogen:

15596018). Utilizing the Agilent RNA Nano 6000 Assay Kit and

the 2100 Bioanalyzer instrument, RNA purity and quantity were

assessed (Agilent Technologies, Santa Clara, CA, USA). Following

the manufacturer’s instructions, total RNA was used as input

material for the RNA sample preparations. Briefly, mRNA was

purified from total RNA by using poly-T oligo-attached magnetic

beads. Fragmentation was carried out using divalent cations under

elevated temperature in First Strand Synthesis Reaction Buffer(5X).

First strand cDNA was synthesized using random hexamer primer

and M-MuLV Reverse Transcriptase, then use RNaseH to degrade

the RNA. Second strand cDNA synthesis was subsequently

performed using DNA PolymeraseI and dNTP. Remaining

overhangs were converted into blunt ends via exonuclease/

polymerase activities. After adenylation of 3’ ends of DNA

fragments, Adaptor with hairpin loop structure were ligated to

prepare for hybridization. In order to select cDNA fragments of

preferentially 370~420bp in length, the library fragments were

purified with AMPure XP system (Beckman Coulter, Beverly,

USA). Then PCR amplification, the PCR product was purified by

AMPure XP beads, and the library was finally obtained. In order to

ensure the quality of the library, the library needs to be tested. After

the construction of the library, the library was initially quantified by

Qubit2.0 Fluorometer, then diluted to 1.5ng/ul, and the insert size

of the library is detected by Agilent 2100 bioanalyzer. After insert
frontiersin.org
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size meets the expectation, qRT-PCR is used to accurately quantify

the effective concentration of the library (the effective concentration

of the library is higher than that of 2nM) to ensure the quality of

the library.

After the library is qualified, the different libraries are pooling

according to the effective concentration and the target amount of

data off the machine, then being sequenced by the Illumina

NovaSeq 6000. The end reading of 150bp pairing is generated.

The basic principle of sequencing is to synthesize and sequence at

the same time (Sequencing by Synthesis). Four fluorescent labeled

dNTP, DNA polymerase and splice primers were added to the

sequenced flow cell and amplified. When the sequence cluster

extends the complementary chain, each dNTP labeled by

fluorescence can release the corresponding fluorescence. The

sequencer captures the fluorescence signal and converts the

optical signal into the sequencing peak by computer software, so

as to obtain the sequence information of the fragment to be tested.
2.5 Transcriptome data analysis

The image data measured by the high-throughput sequencer are

converted into sequence data (reads) by CASAVA base recognition.

Raw data (raw reads) of fastq format were firstly processed through

in-house perl scripts. In this step, clean data (clean reads) were

obtained by removing reads containing adapter, reads containing

Nbase and low quality reads from raw data. At the same time, Q20,

Q30 and GC content the clean data were calculated. All the

downstream analyses were based on the clean data with high quality.

Reference genome and gene model annotation files were

downloaded from genome website directly. Index of the reference

genome was built using Hisat2(v2.0.5) and paired-end clean reads

were aligned to the reference genome usingHisat2 (v2.0.5). We

selected Hisat2 as the mapping tool for that Hisat2 can generate a

database of splice junctions based on the gene model annotation file

and thus a better mapping result than other non-splice

mapping tools.

The mapped reads of each sample were assembled by StringTie

(v1.3.3b) (Mihaela Pertea.et al. 2015) in a reference-based approach.

StringTie uses a novel network flow algorithm as well as an optional

de novo assembly step to assemble and quantitate full length

transcripts representing multiple splice variants for each gene locus.

The feature Counts v1.5.0-p3 was used to count the reads

numbers mapped to each gene. And then FPKM of each gene

was calculated based on the length of the gene and reads count

mapped to this gene. FPKM, expected number of Fragments Per

Kilobase of transcript sequence per Millions base pairs sequenced,

considers the effect of sequencing depth and gene length for the

reads count at the same time, and is currently the most commonly

used method for estimating gene expression levels.

Differential expression analysis of two groups (more than three

biological replicates per group) was performed using the DESeq2 R

package (1.20.0). DESeq2 provide statistical routines for

determining differential expression in digital gene expression data

using a model based on the negative binomial distribution. The

resulting P-values were adjusted using the Benjamini and
Frontiers in Endocrinology 03118
Hochberg’s approach for controlling the false discovery rate.

padj&lt;=0.05 and |log2(foldchange)| &gt;= 1 were set as the

threshold for significantly differential expression. For the data

downloaded from GEO database (GSE203346 and GSE154414),

differential expression analysis of two groups (more than three

biological replicates per group) was performed using the limma R

package and selected with the same standard.
2.6 RNA extraction and qRT-PCR analysis

According to the manufacturer’s instructions, total RNA was

isolated from the placentas using Trizol reagent (Life Technologies).

The Evo M-MLV reverse transcription kit (Accurate Biotechnology

(Hunan) Co., Ltd.) was used for reverse transcription (RT-PCR).

SYBR Green Pro Taq HS premixed qPCR kit from Accurate

Biotechnology (Hunan) Co., Ltd. was used for the quantitative

PCR. Reactions were conducted with 1mL RT-PCR cDNA, 0.5 mL
forward and reverse primers (10 mmol/L), 8mL water and 10 mL
SYBR Green. Each reaction was normalized by co-amplification of

b-actin. The samples were run by the StepOne real-time PCR

machine (ABI, USA). The primers used in this study were

ATP5ME forward 5′- CGCGCTACAATTACCTAAAA -3′ and

reverse 5′- ATATGCTGTCATCTTCTGCC -3′; COX5B forward

5´- TTGGGAAAAGCTGTCTGTTA -3´ and reverse 5´- GTCC

CATTCATTGCATTACG -3´; RPL35 forward 5′- AAGCTCTCT

AAGATCCGAGTC -3′and reverse 5′- GCTTGTACTTCTTGCCC
TTG -3′; RPL37A forward 5´- AAACGTACCAAGAAAGTCGG

-3´ and reverse5´- CAGCTCGTCTCTTCATCTTG -3´ and b-actin
forward 5´-GTCCACCTTCCAGCAGATGT-3’ and reverse 5´-

TCACCTTCACCGTTCCAGTT-3´.
2.7 GO and KEGG analysis of DEGs

Gene Ontology (GO) enrichment analysis of differentially

expressed genes was implemented by the clusterProfiler R

package (3.8.1), in which gene length bias was corrected. GO

terms with corrected Pvalue less than 0.05 were considered

significantly enriched by differential expressed genes. KEGG is a

database resource for understanding high-level functions and

utilities of the biological system, such as the cell, the organism

and the ecosystem, from molecular-level information, especially

large-scale molecular datasets generated by genome sequencing and

other high-through put experimental technologies (http://

www.genome.jp/kegg/). We used clusterProfiler R package (3.8.1)

to test the statistical enrichment of differential expression genes in

KEGG pathways.
2.8 Seek hub genes and the PPI
enrichment analysis of them

The STRING database is a search engine for interacting genes

that seeks to build PPI networks of various genes based on known

and projected PPIs and examine the proteins that interact with one
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another (7). PPIs of DEGs of NM and DM were generated using the

web tool STRING, and the confidence score (>0.4) was used as the

screening criteria. Cytoscape software was then used to visualize the

PPI network (version 3.7.2).CytoHubba was used to find Hub genes.

Degree of CytoHubba plug-in was used to select the top 40 genes

with the highest node connection closeness as the Hub genes (8).

The PPI enrichment analysis of Hub genes from two groups was

constructed at STRING database (https://string-db.org/). MCODE

plug-in (Node Score Cutoff: 0.2 Haircut: true Fluff: false K-Core: 2

Max. Depth from Seed: 100) was used to calculate accurate

correlation level as well as identifying essential PPI network

modules (9). Additionally, other Cytoscape add-ins namely,

CytoHubba and CytoNCA were used to identify the network’s

highest linkage Hub genes (10).
2.9 Statistical analysis

The Kruskal Wallis test and T-test were used to calculate the

statistical significance of the experimental data. Bonferroni-corrected

P values to correct for account comparisons. The significance level

was set as ** p < 0.01. Error bars denote standard deviations. The

correlation between fetal weight and placenta weight was explored

using the Spearman’s rank correlation coefficient test.
3 Results

3.1 Hyperglycemia affected the weight of
the placenta

The results of Kruskal Wallis test between three groups in seven

variants, there are four significantly differences, which are

pregestational BMI, Glucose, fetal Birth weight and placenta

weight. The result of Kruskal Wallis test between two groups

showed that significant differences in BMI occurred between the

NN group and the DM group(P <0.001), significant differences in

glucose content in blood occurred between the DM group and the

other two group(both P <0.01), significant differences in fetal birth

weight occurred between the NN group and the other two groups

(both P <0.001), significant differences in placenta weight occurred

between the NN group and the other two groups (both P <0.001).
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Perhaps because the sample size was not large enough, there is no

significant difference in BMI between NN group and NM group

Compared with the NM group, the DM placenta weight rose by 6.3%,

but the change is not significant (p>0.05).The weight of the fetus has a

positive relationship with placental weight (Table 1). The results of

the double-digit correlation analysis of placenta and fetal weight are

displayed in Table 2. The Spearman’s rho is 0.762, p<0.01.
3.2 Structure of placentas

The villi’s size is uniform throughout the placenta tissue of the NN

group (Figure 1A). Villi don’t have any breaks or damage. The well-

developed syncytial trophoblasts that make up the surface layer of the

placental villi are dispersed in a flat, single-layer configuration, and the

free surface has morphological rules, uniform distribution, and neatly

aligned microvilli that are finger-shaped.

In the surface layer of the placenta villi of the NM placenta, the

syncytial trophoblasts were arranged in a monolayer row (Figure 1B).

In the placenta of extravillous and swelling villi havemore concentrated

deposits of fibrinoid. Syncytial trophoblasts are dispersed throughout

the DM placenta’s placental villi (Figure 1C). Villi come in various

sizes. Red blood cells can be visible in the vascular lumen, the capillary

lumen is intact, and some endothelial cells swell. The lumen of capillary

endothelial cells has significantly shrunk and is clearly constricted.
3.3 Transcriptome assembly
and annotation

RNA-Seq was used to compare the transcriptomic landscapes of

NM verse NN, DM verse NN and DM verse NM placentas. All the

samples sequenced on the Illumina HiSeq X platform produced about

43.4, 44.6 and 46.6 million raw reads for NN, NM and DM samples,

respectively, covering 6.37, 6.21 and 6.69 GB of sequence data,

respectively. The NN group received 42.45 million clean reads as a

result of over 97%of the raw reads surviving quality and trimming.With

almost 92% of the raw reads surviving quality checks and trimming, the

NM andDMgroups, respectively, produced 41.4 and 44.6million clean

reads. Supplementary Table 1 lists many characteristics, including

average read size, Q30 percentage, and others. The genome was

mapped using clean reads for the ensuing analysis.
TABLE 1 Clinical and analytical characteristics of the cohort.

NN(n=30) NM(n=15) DM(n=15) P value+

Maternal age (years) 32.29 ± 1.55 31.35 ± 3.29 34.14 ± 4.99 0.126

Pregestational BMI(kg/m2) 38.81 ± 6.49 42.19 ± 7.25 44.3 ± 4.78** 0.001

Gestational weight gain (kg) 16.71 ± 6.97 16.13 ± 7.79 12.56 ± 4.24 0.106

Glucose(mg/dL) 4.54 ± 0.29 4.55 ± 0.82 6.17 ± 1.32** 0.000

Gestational delivery (weeks) 38.65 ± 0.19 38.74 ± 0.94 38.39 ± 1.09 0.503

Fetal birth weight (g) 3337.79 ± 313.75 4150 ± 159.86** 4221.42 ± 253.97** 0.000

Placental weight (g) 580.8 ± 93.89 734.31 ± 130.072** 780.02 ± 164.05** 0.000
f

**P-value<0.01vs control.
rontiersin.org

https://string-db.org/
https://doi.org/10.3389/fendo.2024.1330704
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Gao et al. 10.3389/fendo.2024.1330704
3.4 Identification of differently
expressed genes

We conducted a clustering analysis between the NN and NM,

DM group based on the levels of gene expression. For comparative

and enrichment analysis of DEGs, we defined genes with ∣log2fold∣
changes>1 and padj<0.05 as significantly differently expressed

genes. The volcano plot analysis also showed significant DEGs

NM versus NN (Figure 2A), DM versus NN (Figure 2B) and DM

versus NM (Figure 2C). The up-regulated DEGs are represented by

red dots, while the down-regulated DEGs are represented by green

dots. In the NM versus NN group, a total of 614 genes showed

differential expression, with 285 up-regulated and 329 down-

regulated DEGs (Supplementary Table 2). In the DM versus NN

group, 3207 genes were differentially expressed, with 1325 up-

regulated and 1882 down-regulated DEGs (Supplementary

Table 2). In the DM versus NM group, 394 genes were

differentially expressed, with 73 up-regulated and 321 down-

regulated DEGs. Additionally, the heatmap showed the placenta

genes that were up-regulated in red and down-regulated in green in

NM versus NN (Figure 2D), DM versus NN (Figure 2E), and DM

versus NM (Figure 2F).
3.5 mRNA expression patterns were
verified via qRT-PCR

Following confirmation using the gene-specific primers

described in the procedure and qRT-PCR of the NM and DM

group (n = 15) vs control group (n = 15), we discovered that the

change direction of these four genes is consistent with the RNA-seq

data. The results showed that the four randomly selected genes
Frontiers in Endocrinology 05120
reduced in abnormal groups significantly. In comparison to the NN

group, the expression of the genes for ATP5ME, COX5B, RPL35,

and RPL37A was considerably lower in NM and DM (p< 0.01)

(Figure 3). Their expression in the DM group was also lower than in

the NM group, which were statistically significant (p< 0.01)
3.6 GO and KEGG analysis of DEGs

GO analysis using terminology related to biological process,

cellular component, and molecular function was used to define the

function of DEGs. As seen in Figure 4, the biological processes that

were primarily impacted by the down-regulated DEGs of NM

(Figure 4A) were protein targeting, nucleoside monophosphate

metabolism, and oxidative phosphorylation. The ribosome, the

mitochondrial inner membrane, and the respiratory chain were

the three major areas where the DEGs of NM involved in the

cellular component were down-regulated. The NM DEGs that were

down-regulated primarily included ribosome structural

components, proton transmembrane transporter activity, and

oxidoreductase activity in molecular functions. The GO analysis

of up-regulated DEGs in NM had poor enrichment (p>0.05)

(Figure 4B). The biological processes that were primarily

impacted by the down-regulated DEGs of DM versus NN

(Figure 4C) involved protein targeting, RNA catabolism, and

ribonucleotide metabolism. The DM DEGs that were down-

regulated primarily implicated the cytosol, inner membrane of the

mitochondria, and ribosomes in the cellular component. The down-

regulated DEGs of DM vs NN involved in molecular functions were

primarily linked to cadherin binding, electron transfer activity, and

ribosome structural components. The biological processes that were

engaged in the up-regulated DEGs of DM vs NN (Figure 4D) were

primarily connected to cilium organization, blood circulation, and

epithelial cell proliferation. The ciliary portion and the extracellular

matrix structural constituent was the primary area where the up-

regulated DEGs of DM versus NN engaged in the cellular

component were most closely associated. The mitochondrial

inner membrane, ribosome, and mitochondrial matrix were the

primary components of the down-regulated DEGs of DM versus

NM (Figure 4E) engaged in the cellular component. The molecular
FIGURE 1

Microscopy of the placentas. (A) Low power view with the chorionic plate of normal pregnancy (38+ 6 weeks gestation). (B) Low power view with
the chorionic plate of normal pregnancy with macrosomia (39+ 1 weeks gestation). (C) Low power view with the chorionic plate of hyperglycemia
with macrosomia (38+ 3weeks gestation). Bar=200µm. CV, chorionic villi; VC, vascular congestion; blue star is syncytiotrophoblasts, red star is
cytotrophoblastic cell.
TABLE 2 Correlation analysis.

Fetal_weight Placenta_weight

Fetal_weight 1

Placenta_weight .762** 1
**Correlation is significant at the 0.01 level (2-tailed).
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A B

D E F

C

FIGURE 2

Identification of differential expressed genes in the placenta from macrosomia group and hyperglycemia with macrosomia. Volcano plots were used
to display differential expressed RNAs of NM versus NN (A), DM versus NN (B) and DM versus NM in term placenta(C). (D) Heatmaps were used to
display expressed RNAs of NM versus NN (D), DM versus NN (E) and DM versus NM in term placenta (F). NN, control group; NM, macrosomia; DM,
hyperglycemia with macrosomia.
A B

DC

FIGURE 3

Relative expression analysis of four selected DEGs between NN and NM and DM group. qRT-PCR was used to analyze of the mRNA expression of
ATP5ME (A), COX5B (B), RPL35 (C) and RPL37A (D) in term placenta between NN and NM and DM (n=15) respectively b-actin was used as the
internal reference. **P-value<0.01.
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functions that the down-regulated DEGs of DM versus NM were

involved in were primarily connected to ribosome structural

components, electron transfer activity, and protein kinase

inhibitor activity. The biological process-related up-regulated
Frontiers in Endocrinology 07122
DEGs of DM versus NM were primarily connected to the

response to xenobiotic stimuli. The GO analysis of the up-

regulated DEGs of DM versus NM (Figure 4F) had

poor enrichment.
A B

D

E F

C

FIGURE 4

Gene ontology (GO) classification of differentially expressed genes (DEGs). (A) GO annotation showed that down-regulated DEGs of NM versus NN were
associated with different biological processes, cell component and molecular functions. (B) GO annotation showed that up-regulated DEGs of NM versus
NN were associated with different biological processes, cell component and molecular functions. (C) GO annotation showed that down-regulated DEGs of
DM versus NN were associated with different biological processes, cell component and molecular functions. (D) GO annotation showed that up-regulated
DEGs of DM versus NN were associated with different biological processes, cell component and molecular functions. (E) GO annotation showed that down-
regulated DEGs of DM versus NM were associated with different biological processes, cell component and molecular functions. (F) GO annotation showed
that up-regulated DEGs of DM versus NM were associated with different biological processes, cell component and molecular functions.
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The pathways of DEGs were predicted using KEGG pathway

analysis. As shown in Figure 5, the down-regulated DEGs in NM

versus NN (Figure 5A) were primarily focused on ribosome (about

26 DEGs, including RPL37A and RPL35), Alzheimer’s disease
Frontiers in Endocrinology 08123
(about 20 DEGs, including SNCA and COX8A), and retrograde

endocannabinoid signaling (about 6 DEGs, such as NDUFA1 and

GNG5). The ECM-receptor interaction (about 5 DEGs, including

FN1 and TNC) the primary areas of up-regulated DEGs in NM
A B

D

E F

C

FIGURE 5

KEGG pathway classification of differentially expressed genes (DEGs) KEGG pathway analysis showed that DEGs were involved in different signaling
pathways. (A) KEGG pathway analysis of the down-regulated DEGs of NM versus NN. (B) KEGG pathway analysis of the up-regulated DEGs of NM
versus NN were associated with different biological processes, cell component and molecular functions. (C) KEGG pathway analysis of the down-
regulated DEGs of DM versus NN were associated with different biological processes, cell component and molecular functions. (D) KEGG pathway
analysis of the up-regulated DEGs of DM versus NN were associated with different biological processes, cell component and molecular functions.
(E) KEGG pathway analysis of the down-regulated DEGs of DM versus NM were associated with different biological processes, cell component and
molecular functions. (F) KEGG pathway analysis of the up-regulated DEGs of DM versus NM were associated with different biological processes, cell
component and molecular functions.
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versus NN (Figure 5B). The down-regulated DEGs in DM versus

NN (Figure 5C) were primarily focused on ribosome

(approximately 80 DEGs, including RPL37 and RPS11),

Alzheimer’s disease (about 86 DEGs), and cardiac muscle

contraction (about 22 DEGs, such as UQCRQ and TNNC1). The

KEGG analysis of up-regulated DEGs in DM versus NN

(Figure 5D) had poor enrichment. As shown in Figure 5E, the

DEGs that were down-regulated in DM compared to NM were

primarily related to the ribosome (about 23 DEGs, including

RPL37A and RPS11), Alzheimer’s disease (about 19 DEGs,

including APC2 and COX8A), and non-alcoholic fatty liver

disease (about 11 DEGs, such as SNCA and COX8A). In the

KEGG analysis (Figure 5F), the up-regulated DEGs in DM versus

NM had poor enrichment.
3.7 PPI hub genes identification

To mine the Hub genes of NM and DM, the DEGs were loaded

into string and MC>0.4 was cutoffs. A network consisted of 354

nodes and 1164 edges with p< 1.0e-16 were obtained in NM versus

NN. The Hub gene was chosen from the PPI network using the

CytoHubba plug-in and Degree method, as illustrated in Figure 6A

and Table 3. All 26 genes were downregulated. The score for the last

Hub gene is 58. Because String can only analyze the limit of 2000

proteins, we further analyzed the named DEGs in DM versus NN

with ∣log2fold∣ changes>1.12 with String, which got a network with

1676 nodes, 9131 edges and PPI enrichment p-value <1.0e-16. The

Hub gene was illustrated in Figure 6B. All of the Hub genes of DM

group are down-regulated. The score of the last Hub gene is 162. In

the DM group, these 72 genes showed reduced expression. The Hub

genes of the NM group were included in the Hub gene of the DM

group except TIMM10, UQCRH, SEC61B and ATP5I.
3.8 Exploration the relationship between
macrosomia and hyperglycemia by DEGs

We scanned the DEGs of NM versus NN, DM versus NN, and

DM versus NM and studied the overlapped DEGs between two and

three comparisons (Figure 7A). There were 517 DEGs overlapped in
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NM and DM groups, which changed in the same direction,

containing 299 down-regulated DEGs and 218 up-regulated

DEGs. That is to say, more than 84% of DEGs in the NM group

changed in the same direction in the DM group. These genes

involved in the biological process were mainly related to

metabolic process, cellular process, signaling and so on

(Figure 7B). There are 79 genes overlapped in NM versus NN

and DM versus NM including 10 Hub genes of NM group. The 74

overlapped DEGs of three groups involved in the biological process

were mainly related to metabolic process, cellular process and

positive regulation of biological process (Figure 7C). These 74

DEGs includes RPS29, RPL35, RPS11, RPS2, NDUFB7, RPL37A,

FAU, RPL36, RPL8 and RPL18A, which are Hub genes in

macrosomia. From this, we infer that hyperglycemia changes the

expressions of these Hub genes and promotes the incidence

of macrosomia.
3.9 Exploration the relationship between
hyperglycemia and macrosomia by
hub genes

We acquired a network consisted of 303 nodes and 724 edges

with p< 1.0e-16 in DM versus NM. The cytoHubba plug-in and the

Degree algorithm were used to select the Hub gene from the PPI

network as shown in Figure 8A. All of these 21 genes were down-

regulated. Furthermore, RPS29, RPL35, RPS11, RPS2, NDUFB7,

RPL37A, FAU, RPL36, RPL8 and RPL18A are Hub genes of NM

versus NN. Except MRPL12 and CCDC124, the other Hub genes

were included in the Hub gene of the DM group. We then analyzed

the relationship between the other Hub gene in the DM versus NM

group and the Hub gene in the NM versus NN group (Figure 8B).

This result shows that in addition to the overlapped Hub gene, there

is a strong link between the Hub genes in the DM versus NM group.
4 Discussion

Hyperglycemia represents the most common form of altered

glucose in pregnant women, and may cause macrosomia,

hypertension and cardiovascular disease (11). Pregnant women
A B

FIGURE 6

Hub genes of macrosomia and hyperglycemia with macrosomia. (A) the Hub genes of macrosomia, (B) the Hub genes of hyperglycemia with
macrosomia. The color of the key gene represents its degree. The higher the degree of gene, the more redd her color.
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TABLE 3 Changes of hub genes in two groups.

Group Gene ID Degree Change

NM RPS29 82 down

NM RPL11 80 down

NM RPL35 78 down

NM RPS11 76 down

NM RPS2 74 down

NM RPS15A 74 down

NM RPL13A 74 down

NM NDUFB7 72 down

NM RPL37A 72 down

NM RPS23 72 down

NM FAU 72 down

NM RPL36 70 down

NM RPL8 70 down

NM RPL30 66 down

NM ATP5ME 64 down

NM RPS27 64 down

NM RPL39 62 down

NM RPL35A 62 down

NM TIMM10 62 down

NM UQCRH 60 down

NM COX7C 60 down

NM RPLP2 60 down

NM RPL18A 60 down

NM RPL38 60 down

NM SEC61B 58 down

NM ATP5I 58 down

DM UBA52 326 down

DM UBB 280 down

DM NHP2 254 down

DM SNRPD2 248 down

DM EEF2 244 down

DM RPS2 238 down

DM RPS3 236 down

DM RPL11 236 down

DM RPS5 230 down

DM RPS14 226 down

DM RPL8 224 down

DM RPS16 224 down

DM RPS28 222 down

(Continued)
F
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TABLE 3 Continued

Group Gene ID Degree Change

DM MRPL4 220 down

DM RPS11 220 down

DM RPL13A 220 down

DM RPS8 220 down

DM RPS6 216 down

DM RPL12 214 down

DM RPL23 210 down

DM RPL27A 210 down

DM RPS23 208 down

DM RPS15A 208 down

DM RPL27 208 down

DM RPS29 206 down

DM FAU 206 down

DM RPL26 206 down

DM RPL3 204 down

DM RPS18 204 down

DM RPL35 202 down

DM RPS27 202 down

DM SNRPG 202 down

DM RPL23A 200 down

DM MRPL11 200 down

DM RPL36 198 down

DM RPS19 198 down

DM RPL30 198 down

DM MRPL22 198 down

DM RPL35A 198 down

DM RPL29 196 down

DM RPL37A 196 down

DM RPL13 192 down

DM RPL14 192 down

DM MRPL24 192 down

DM RPL7A 190 down

DM RPLP2 190 down

DM RPL18 190 down

DM RPL10A 188 down

DM RPS25 186 down

DM RPL31 186 down

DM RPL18A 184 down

DM NDUFB7 184 down

(Continued)
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with hyperglycemia through the placenta will stimulate the

production of a large amount of insulin secretion of the fetus to

be able to make full use of blood sugar, and promote the synthesis of

protein and fat, so that the fetus grows larger (12). This study aims

to provide light on the gene expression level of the diabetic

macrosomia mechanism. 614 DEGs were found using RNA-seq

in the placenta of pregnant women who delivered macrosomia.

3207 DEGs were found in the placenta of pregnant women with

macrosomia who also had high blood sugar levels throughout

pregnancy. In comparison to NM, 394 DEGs were discovered in

DM. Four of DEGs were verified by qRT-PCR.

In order to analyze the pathogenesis of macrosomia,

hyperglycemic macrosomia and the impact of hyperglycemia on

macrosomia, KEGG and GO were used to analyze the differential

genes in the three groups of alignment. Through GO analysis, it was

discovered that NM DEGs are involved in protein targeting,

nu c l e o s i d e monopho spha t e me t abo l i sm , ox id a t i v e

phosphorylation, cell-matrix adhesion, cellular calcium ion

homeostasis, and nutritional response. The results of the GO

analysis showed that DM DEGs are involved in the targeting of

proteins, RNA catabolism, ribonucleotide metabolism, cilium

organization, blood circulation, and proliferation of epithelial

cells. According to GO analysis, DM versus NM DEGs were

found to be involved in protein targeting, the electron transport
Frontiers in Endocrinology 11126
chain, oxidative phosphorylation, and the response to xenobiotic

stimulation. The KEGG results and GO results were not entirely in

agreement. In three comparisons, the down-regulated DEGs in the

ribosome overlapped. The substantial downregulation of ribosomal

genes in this study implies that ribosome anomalies play a

significant role in the development of macrosomia. A diverse

array of disorders’ etiology is due to defects in ribosome

biosynthesis and function (13). Nucleolar stress results from the

ribosome genesis process being disturbed. Fat formation is a result

of nucleolar stress (14).

In this work, the intersection of DEGs in three sets of different

alignments was further studied. According to the results, there is a

significant relationship between DM and NM since more than 84%

of the DEGs in the NM group altered in the same direction as those

in the DM group. In comparison to NM versus NN alignment, 74

DEGs in the DM versus NM alignment changed in the same way.

This means they are linking genes between hyperglycemia and

macrosomia. Three sets of distinct alignments contain 74 DEGs that

have had their orientation reversed, indicating that they are

significant in hyperglycemia and macrosomia.

Cytoscape was used to evaluate the Hub genes of the DM and

NM groups in order to investigate the fundamental cause of

increased macrosomia in hyperglycemia. Among the 26 Hub

genes in the NM group, 22 genes were DM group Hub genes, and

10 genes were DM group versus NM group. These ten genes are

located in the DEGs that overlap in three different sets of

alignments. This leads us to hypothesize that these 10 genes are

crucial linkers between hyperglycemia and macrosomia. They were

all deregulated. Except NDUFB7, the other proteins are ribosome

protein. Ribosome impairment is important in obesity (15).

RPS29 induced apoptosis, which means the downregulation of

RPS29 is associated with cell proliferation (16). In GSE154414, it

was likewise downregulated. RPL35 encodes a ribosomal protein

that is a component of the 60S subunit. RPL35 was revealed as

putative key drivers of stress granules (17). RPS11encodes a

member of the S17P family of ribosomal proteins that is a

component of the 40S subunit. RPS11 is also a stress response

marker (18). RPS2 plays a critical role in the regulation of p53

signaling including the ribosomal stress response (19). RPL37A

encodes a ribosomal protein that is a component of the 60S subunit.

It related pathways including peptide chain elongation and rRNA

processing in the nucleus and cytosol (20). FAU encodes a fusion

protein consisting of the ubiquitin-like protein fubi at the N

terminus and ribosomal protein S30 at the C terminus.

Processing FAU is required for 40S maturation and depends on

USP36 (21). RPL36 encodes a ribosomal protein that is a

component of the 60S subunit (22). RPL8 overexpression

enhances apoptosis brought on by FasL (23). RPL18A encodes a

member of the L18AE family of ribosomal proteins that is a

component of the 60S subunit (24). Confusion in the “production

and processing” of ribosomal RNA can cause nucleolar stress (25).

This investigation also constructed PPI between DM versus NM

and NM versus NN non-overlapping Hub genes and revealed that

there is an unbreakable link between them, further illuminating the

association between hyperglycemia and macrosomia. So, we shouldn’t
frontiersin.or
TABLE 3 Continued

Group Gene ID Degree Change

DM RPL26L1 184 down

DM RPS21 182 down

DM RPL10 180 down

DM RPL32 178 down

DM RPL24 178 down

DM ATP5D 176 down

DM EIF5A 176 down

DM UQCRQ 176 down

DM PFDN5 176 down

DM RPL38 176 down

DM FN1 174 down

DM RPL39 174 down

DM EEF1B2 174 down

DM RPL19 170 down

DM RPL34 170 down

DM COX7C 166 down

DM ATP5E 164 down

DM SIL1 162 down

DM EIF3G 162 down

DM ICT1 162 down
g
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FIGURE 7

The overlapped DEGs of three sets of crossover genes with different alignments. (A) the overlapped DEGs of three sets of crossover genes with
different alignments, (B) GO annotation of the overlapped DEGs of NM versus NN and DM versus NN. (C) GO annotation of the overlapped DEGs of
three sets of crossover genes with different alignments. The color of the key gene represents its degree. The higher the degree, the more redder
her color.
A B

FIGURE 8

Relations between hyperglycemia with macrosomia and macrosomia. (A) The Hub genes of DM versus NM, (B) the PPI between the Hub genes of
DM vs NM and NM vs NN except the overlapped Hub genes. The color of the key gene represents its degree. The higher the degree of the gene, the
greener her color.
Frontiers in Endocrinology frontiersin.org12127

https://doi.org/10.3389/fendo.2024.1330704
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Gao et al. 10.3389/fendo.2024.1330704
ignore their connection while exposing additional macrosomia in

hyperglycemia. Ribosomal proteins including RPL18 maintain the

identity of mouse embryonic stem cells (mESCs) and regulate the

expression of 2C transcripts through a unique RP-RPL11-MDM2-P53-

DUX cascade (26). RPL11 encodes a ribosomal protein that is a

component of the 60S subunit. RPL11 promotes the active of p53,

which can induce apoptosis (27). If these genes were verified in

maternal blood in the future, they maybe biomarker in clinical

practice. We can also consider increasing the expression of these

genes to reduce the occurrence of macrosomia
5 Conclusions

In conclusion, we first detected the placenta’s aberrant structure.

After that, using RNA-seq analysis, the team investigated the molecular

causes of aberrant placental morphological structures. The team then

used GO and KEGG to analyze the internal mechanism of macrosomia

and hyperglycemia. Then, the team analyzed the reasons for the high

incidence of macrosomia in hyperglycemia from the perspectives of

overlapping differential genes and Hub genes. The results showed 74

genes that served as bridges between hyperglycemia and macrosomia

and the 10 Hub genes played a crucial part in this process. Also, it is the

opinion of this work that non-overlapping Hubs should not be

disregarded because of their close connections.
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