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Abstract

Background It remains unclear how the condition of glucose metabolism during pregnancy affects fetal outcomes.
This study aimed to investigate the associations of gestational diabetes mellitus (GDM) and elevated glucose levels
at each time point during oral glucose tolerance test (OGTT) with congenital heart disease (CHD) risk in offspring.

Methods We conducted a retrospective cohort study of mothers with singleton pregnancies of 20 weeks or more
registered at Maternal and Child Health Centers in Fujian Province, China. The OGTT results and offspring CHD occur-
rence were collected. We used logistic regression to analyse the association between elevated blood glucose at each
time point during OGTT and CHD.

Results A total of 71,703 normal and 533 CHD fetuses were included. Compared to the corresponding normal group,
women with GDM, elevated blood glucose at different time points in OGTT (0 h>5.1 mmol/L, 1 h>10 mmol/L,

and 2 h>8.5 mmol/L) showed an increased risk of CHD in offspring (adjusted OR=1.41,1.36, 1.37,and 1.41, all
P<0.05, respectively). Compared to group 1 (normal OGTT 0 h, 1 h and 2 h), the risk of CHD was higher in group 3
(normal OGTT 0 h and abnormal OGTT 1 h or 2 h) and group 4 (@bnormal OGTT O h, 1 hand 2 h), OR=1.53 and 2.21,
all P<0.05, respectively. Moreover, we divided participants by advanced maternal age, multipara, assisted reproduc-
tion, fetal sex, and others, similar associations were observed in the subgroup analyses.

Conclusion Elevated blood glucose at different time points during OGTT was associated with CHD in offspring.
Fetuses of pregnant women with GDM should be screened for a high risk of CHD.
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Introduction

Diabetes mellitus is a metabolic disorder that is increas-
ingly prevalent among women of reproductive age [1].
Maternal diabetes can be categorized into two subtypes:
pre-gestational diabetes mellitus (PGDM) and gesta-
tional diabetes mellitus (GDM). GDM is characterized by
any degree of glucose intolerance that occurs or is first
detected during pregnancy [2]. It is one of the most com-
mon complications of pregnancy, affecting 9-26% of the
obstetric population [3, 4]. A meta-analysis conducted in
2018 showed that the combined prevalence of GDM in
the Asian population was approximately 11.5% (95%CI:
10.9%-12.1%), and this number is expected to continue
increasing in the future [5]. This suggests that a growing
number of pregnant women will be affected by GDM.

GDM is emerging as an important public health
concern due to its association with severe perinatal
outcomes, such as perinatal death and congenital mal-
formations [6—8]. Maternal diabetes-induced congenital
malformations can affect any developing organ or sys-
tem. Congenital heart disease (CHD) is one of the most
common congenital diseases, affecting the health of mil-
lions of newborns annually [9]. The pathogenesis of CHD
is complex, and its exact etiology is largely unknown.
PGDM has been identified as a potential risk factor for
CHD, while the relationship between GDM and CHD
risk remains to be fully established. Data from multiple
prospective cohort studies indicate that mothers with
GDM are more likely to have offspring with CHD than
those without GDM [10-12]. Hyperglycemia can affect
the development of the fetal heart, leading to structural
and functional abnormalities [13, 14]. Other studies have
found that even women with lesser degrees of hypergly-
cemia have a significantly higher risk of poor pregnancy
outcomes than those without diabetes [15]. Additionally,
among non-diabetic women, diets with a proportionally
high glycemic index or high glycemic load increase the
risk of birth defects [16, 17]. These findings indicate that
blood glucose levels can have an important impact on the
development of embryos. Unfortunately, elevated blood
glucose is a persistent risk factor, and there is no clear-
cut-off value that separates low-risk groups from high-
risk groups. Particularly, the associations of basal blood
glucose and postprandial blood glucose with fetal CHD
remain unclear. Considering that basal blood glucose and
postprandial blood glucose levels reflect different mecha-
nisms of glucose metabolism disorders, further investiga-
tion is required.

Thus, we conducted a retrospective hospital-based
cohort study to investigate the association between GDM
diagnosed at different time points in oral glucose toler-
ance test (OGTT) and the risk of fetal congenital heart
diseases in pregnancy.
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Materials and methods

Study population and data collection

This is a retrospective cohort study conducted in the
Fujian Provincial Maternity and Children’s Hospital,
China, from January 2014 to December 2020, using data
obtained from national neonatal networks. The study
population included singleton pregnant women with
pregnancies at or above 24 weeks gestation. Maternal
age, hypertensive disorders during pregnancy, glucose
tolerance test results, delivery mode, neonatal charac-
teristics, and birth outcomes were among the informa-
tion collected. The exclusion criteria were cases that
lacked significant medical history, including ambigu-
ity of conceptual age, maternal diseases such as gesta-
tion weeks<20 or>44, pre-gestational diabetes, fever
(>38 °C), pesticide exposure within 3-8 weeks of gesta-
tion, history of inbreeding, or genetic defects, and mul-
tiple pregnancies. Participants were informed of the
purpose of data collection, and the collection and trans-
mission of data were approved by the Ethics Commit-
tee of Fujian Women and Children’s Hospital (IRB NO.
2020-2049), all methods were performed in accordance
with the relevant guidelines and regulations.

Main exposure

OGTT were performed at 24 to 28 weeks of gestation and
at the first visit after 28 weeks. The 75 g OGTT method:
fasting for at least 8 h and eating normally for 3 consec-
utive days, that is, eating no less than 150 g of carbohy-
drates per day. No smoking during the inspection. During
the trial, 75 g glucose solution 300 ml was taken orally
within 5 min. The venous blood of pregnant women was
taken three times before oral glucose, one hour and two
hours after glucose (calculated from drinking glucose
water), and put into the test tube containing sodium flu-
oride. The glucose oxidase method was used to measure
blood glucose levels. Diagnostic criteria: Blood glucose
levels should be below 5.1 mmol/L, 10.0 mmol/L and
8.5 mmol/L (92 mg/dL, 180 mg/dL and 153 mg/dL) before
and 1 and 2 h after glucose drinking intake, respectively.
Any blood glucose level that meets or exceeds these crite-
ria is diagnosed as gestational diabetes.

Outcome definition

Fetal malformations were confirmed by echocardiog-
raphy, cardiac catheterization, or above combined with
ultrasound and reference data, cytogenetic examina-
tion, drug administration records, and follow-up data.
The outcomes of this study were CHD in the offspring,
including six subtypes: patent ductus arteriosus, ventric-
ular septal defect, atrial septal defect, pulmonary artery
related malformation, aortic associated malformation,
and other cardiac malformations. The concomitance
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of cardiovascular abnormalities was recognized and
counted only if these abnormalities were embryologically
independent from each other. Temporarily isolated car-
diovascular conditions in neonates, such as patent oval
foramen, were considered to be normal, and neonates
with identified trisomies, heterotaxy syndrome, or abnor-
mal cardiac looping were not counted.

Statistical analysis

Continuous variables were described by mean + standard
deviation or median (range quartiles), and comparisons
between groups were made by using the t-test or one-way
analysis of variance (ANOVA) or Mann—Whitney U test
or Kruskal-Wallis rank sum test. Categorical variables
were described by frequencies (percentages) and com-
parisons between groups were made using the chi-square
test. The Bonferroni correction was used in multiple
tests. CHDs were divided into two subgroups accord-
ing to the classification of congenital malformations: the
atrial or ventricular septal defect (AVSD) group and the
other group for statistical analysis. In order to reflect
the glucose metabolism patterns in pregnant women,
the subjects were divided into four groups according to
their blood glucose at OGTT 0 h, 1 h and 2 h: Group 1
indicates that OGTT 0 h, 1 h and 2 h are normal at the
same time. Group 2 indicates that OGTT 0 h is abnor-
mal, while OGTT 1 h and 2 h are normal. Group 3 indi-
cates that OGTT 0 h is normal, while OGTT 1 hor 2 h
is abnormal. Group 4 indicates that OGTT 0 h, 1 h and
2 h are all abnormal. Tests for trend were conducted with
regressions by entering the OGTT cross-group variable
as a continuous variable in the models. Binary or multi-
nomial logistic regression was used to assess the relation-
ship between GDM, abnormal blood glucose at different
time points in OGTT and the risk of CHD and its sub-
types. Subgroup analyses were conducted for factors
such as elderly parturient, multipara, assisted reproduc-
tion, gestational hypertension, premature birth, and sex
of newborn infant. We also tested potential interactions
between subgroups using the likelihood ratio test. All
analyses were performed using R version 4.1.0, and statis-
tical significance was established when P<0.05.

Results

Basic characteristics

In the study, a total of 77,403 pregnant women were fol-
lowed up by the Fujian Provincial Maternal and Child
Health Hospital from 1 January 2014 to 31 December
2020. After excluding 5,167 pregnant women who did
not meet the inclusion criteria, the final cohort included
72,236 women. Among them, 71,703 whose offspring did
not have congenital malformations were classified in the
normal group, while 533 whose offspring had CHD were
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classified in the CHD group. The CHD group was further
divided into two subgroups based on the classification of
congenital malformations: the AVSD group (383) and the
other group (150). The flow chart of the subjects included
is shown in Fig. 1.

Clinical characteristics

On average, the pregnant women in the study were
30.2+4.3 years old. Of the pregnant women, 16.2%
were elderly parturients, and 44.0% were multiparous
women. The average gestational week of delivery was
38.9+ 1.5 weeks, and the rates of gestational hypertension
and premature birth were 3.3% and 4.8%, respectively.
Pregnant women in the normal group were younger and
had a lower incidence of gestational hypertension and
premature birth compared to those in the CHD group
(P<0.05) (Table 1).

Figure 2 displays the plot of mid-pregnancy glucose
status according to CHD in offspring. The proportion of
normoglycaemic in the CHD group was lower than in the
non-CHD group (70.7% vs. 78.9%, P<0.05). The main fea-
ture of maternal glucose abnormalities in offspring with
CHD is a normal OGTT 0 h and an abnormal OGTT 1 h
or 2 h, which accounted for 15.6% in the all CHD group,
17.2% in the AVSD group, and 11.3% in the other group.

Associations of mid-pregnancy glucose status with CHD

in offspring

Table 2 shows the results of the binary logistic regres-
sion analysis, examining the relationships between
mid-pregnancy glucose status and the risk of CHD
in offspring. In the crude models, compared to
the corresponding normal reference, women with
GDM, elevated glucose at different time points in
OGTT (0 h>5.1 mmol/L, 1 h>10 mmol/L, and
2 h>8.5 mmol/L) showed an increased risk of CHD in
offspring (OR=1.55, 1.48, 1.54, and 1.59, all P<0.05,
respectively). After adjusting for maternal age, gesta-
tional hypertension, gravidity, parity, gestational week
of delivery, and sex of the newborn infant, a statistically
significant relationship between these factors and CHD
risk in offspring still existed (P <0.05).

The study also analyzed the differences in the inci-
dence of CHD in offspring under different combinations
of OGTT 0 h, 1 h, and 2 h test results. In the adjusted
model, Group 3 (OGTT 0 h normal and OGTT 1 h or
2 h abnormal) and Group 4 (OGTT 0 h, 1 h, and 2 h all
abnormal) showed a higher risk of CHD in offspring
compared to Group 1 (OGTT 0 h, 1 h, and 2 h all nor-
mal) (OR=1.39, 95%CI: 1.09-1.78; OR=1.86, 95%CI:
1.26-2.74, respectively). However, Group 2 (OGTT 0 h
abnormal, OGTT 1 h and 2 h normal) did not show a
statistically significant increase in CHD risk relative
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Data from national neonatal networks in the Fujian
Maternity and Child Health Hospital

l

77,403 cases between January 2014 and
December 2020 were selected
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5,167cases were excluded

a) missing important records of medical history ;

b) maternal ill conditions, including diabetes with
pregnancy, congenital cardiopathy with pregnancy,
conditions of illness with fever (> 38°C), exposure to

l

72,236 cases for singleton pregnancies carried to 24

completed weeks of gestation or beyond were included

l

Fetal congenital malformations or not is criteria for

pesticides within 3—8 gestation weeks, or history of
consanguineous mating or genetic defects;

c) gestation weeks <20 or > 44;

d) twin pregnancy;

e) isolated patent ductus arteriosus in premature birth.

grouping
Normal CHD
(n=71703) (n=533)
f—%
AVSD Other
(n=383) (n=150)

Fig. 1 Flow chart of study total results to the inclusion or exclusion

to Group 1. Furthermore, the risk of CHD in offspring
tended to increase as the group increased from 1 to 4.

The associations between mid-pregnancy glucose status
and CHD subtypes in offspring

Multinomial logistic regression analysis was performed
to explore the associations between mid-pregnancy glu-
cose status and CHD subtypes in offspring, as shown
in Table 3. After adjusting for confounding factors,
GDM and abnormal OGTT 1 h were significantly posi-
tively associated with AVSD risk (OR=1.48, 95%ClL:
1.18-1.84; OR=1.6, 95%CI: 1.22-2.11, respectively).
However, the effect size of abnormal OGTT O h and 2 h
was relatively smaller and only marginally significant.
Furthermore, a significant positive correlation between
abnormal OGTT 2 h and other CHD subtype risk was
also observed (OR=1.63, 95%CI: 1.02-2.62). The results
of cross-grouping OGTT 0 h, 1 h, and 2 h with the risk of
offspring AVSD were consistent with total CHD, with the
risk of offspring AVSD increasing with increasing groups
from 1 to 4.

Subgroup analysis

The results of the subgroup analysis showed that the
association between GDM and CHD risk in offspring
was statistically significant in non-elderly women, non-
multiparous women, non-assisted reproduction women,

non-gestational hypertension women, preterm birth
women, and pregnant women with female newborns
(Fig. 3). Although there were differences in significance
among the partial subgroups, none of the interaction
effects were statistically significant (all P>0.05). Fur-
thermore, the results for disease subtypes revealed that
this statistical association was primarily associated with
AVSD risk and was not associated with other subtypes
(Fig. 4).

Discussion

This retrospective cohort study investigated whether
elevated blood glucose at different time points in OGTT
during mid-pregnancy was associated with an increased
risk of CHD in offspring, particularly AVSD. In the cur-
rent study, we found that maternal metabolic disor-
ders of blood glucose were indeed associated with an
increased risk of fetal CHD. Moreover, it was also found
that elevated fasting glucose alone did not significantly
increase the risk of CHD in the offspring, whereas preg-
nant women with both fasting and post-prandial glucose
abnormalities demonstrated a statistically significant
higher risk.

The association between maternal diabetes mellitus
and congenital defects in offspring has long been a topic
of interest. A recent meta-analysis [18] synthesized 52
studies from multiple geographic regions exploring the
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Table 1 Characteristics of the studied sample of mothers and their offspring
Variables Total Normal CHD Pvalue*
(n=72236) (n=71703)
AllCHD AVSD Other
(n=533) (n=383) (n=150)
Maternal age, year 302+43 30.2£43 306+4.5 30.9+45 299+45 0.036
Elderly parturient, n (%) 0.03
No 60,558 (83.8) 60,130 (83.9) 428 (80.3) 303 (79.1) 125 (83.3)
Yes 11,678 (16.2) 11,573 (16.1) 105 (19.7) 80 (20.9) 25(16.7)
Multipara, n (%) 0.024
No 40,488 (56.0) 40,163 (56) 325(61) 224 (58.5) 101 (67.3)
Yes 31,748 (44.0) 31,540 (44) 208 (39) 159 (41.5) 49 (32.7)
Gravidity, n (%) 0674
1 29,518 (40.9) 29,307 (40.9) 211 (39.6) 149 (38.9) 62 (41.3)
2 22,257 (30.8) 22,095 (30.8) 162 (30.4) 115 (30) 47 (31.3)
>3 20,461 (28.3) 20,301 (28.3) 160 (30) 119 (31.1) 41(27.3)
Assisted reproduction, n (%) 022
No 70,457 (97.5) 69,942 (97.5) 515 (96.6) 370 (96.6) 145 (96.7)
Yes 1779 (2.5) 1761 (2.5) 18 (34) 13 (34) 5(3.3)
Gestational hypertension, (%) 0.034
No 69,832 (96.7) 69,326 (96.7) 506 (94.9) 360 (94) 146 (97.3)
Yes 2404 (3.3) 2377 (3.3) 27 (5.1) 23 (6) 4(2.7)
Gestational week of delivery, week 389+1.5 389+14 384+22 383+22 387420 <0.001
Premature birth, n (%) <0.001
No 68,784 (95.2) 68,334 (95.3) 450 (84.4) 318(83) 132 (88)
Yes 3452 (4.8) 3369 (4.7) 83(15.6) 65 (17) 18(12)
Sex of newborn infant, n (%) 0.297
Boys 38,688 (53.6) 38,415 (53.6) 273(51.2) 199 (52) 74 (49.3)
Girls 33,548 (46.4) 33,288 (46.4) 260 (48.8) 184 (48) 76 (50.7)

Data are presented as mean +standard deviation, or median (range interquartile), or as number (percentage)

Abbreviations: AVSD atrial or ventricular septal defect, CHD congenital heart defect

#: Pvalue at the last column indicates the comparison of normal (column 3) and all CHD group (column 4) by using the independent samples t-test or Mann-Whitney

U test

impact of maternal diabetes on offspring CHD and found
that the study region was the main source of heterogene-
ity in the association between the two. So far, most epide-
miological studies have focused on North America, while
there are fewer relevant studies from China, a large coun-
try in the Asian region. This study is the first population-
based retrospective cohort conducted in China, and we
found that 0.74% (533) out of 72,236 pregnant women
had offspring with CHD, a prevalence comparable to that
reported in a national cohort in Sweden (approximately
0.80%) [19].

Several cohort studies have suggested that GDM may
increase the risk of CHD in offspring [10, 20, 21], while
another population-based study has reported inconsist-
ent findings [22]. In our present study, we found that
GDM and abnormal blood glucose at different time
points in the OGTT were positively associated with
fetal CHD risk. Moreover, there was a trend towards
increased fetal CHD risk with increasing OGTT

cross-group levels. These findings underscore the det-
rimental impact of mid-pregnancy hyperglycemia on
fetal cardiac development. Notably, pregnant women
with normal fasting glucose levels but abnormal OGTT
1 h or 2 h results may also be at risk of fetal congenital
cardiac malformations. This group could be overlooked
as a hidden risk group due to their normal fasting glu-
cose levels and should receive appropriate attention.
The reason inherent in this may be that abnormalities
at different time points in the OGGT reveal glucose
metabolism disorders in GDM patients. The blood glu-
cose results of the OGTT 1 h or 2 h may reflect greater
beta cell dysfunction and insulin resistance [23, 24].
Moreover, there is a requirement to consider the daily
long term and hidden impairment of glucose metabo-
lism indicated by hemoglobin Alc (HbAlc) levels [25].
Thus, only fasting blood glucose levels are inadequate
for reflecting maternal glucose metabolism.
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Fig. 2 Plot of mid-pregnancy glucose status according to congenital heart defect. OGTT cross group: Group 1 represents OGTT 0 h, 1 h.and 2 h are
all normal; Group 2 indicates that OGTT 0 h is abnormal, while OGTT 1 h and 2 h is normal; Group 3 indicates that OGTT 0 h is normal, while OGTT

1 hor2hisabnormal; Group 4 represents OGTT 0 h, 1 h or 2 h are all abnormal

Table 2 Binary logistic regression analysis of the relationships between mid-pregnancy glucose status and congenital heart defect

Variable n(%) Crude Adjusted®
OR (95%Cl) Pvalue OR (95%Cl) Pvalue

GDM

No 377(0.7) 1 (Ref) 1 (Ref)

Yes 156 (1.0) 1.55(1.28~1.87) <0.001 141 (117~1.71) <0.001
OGTTOh

<5.1 mmol/L 460 (0.7) 1 (Ref) 1 (Ref)

>5.1 mmol/L 73(1.0 148 (1.15~1.9) 0.002 1.36 (1.06~1.75) 0.016
OGTT1h

<10 mmol/L 456 (0.7) 1 (Ref) 1 (Ref)

>10 mmol/L 77 (1.1) 1.54(1.21~1.96) 0.001 137 (1.07~1.75) 0.013
OGTT2h

<85 mmol/L 460 (0.7) 1 (Ref) 1 (Ref)

>8.5 mmol/L 73(1.1) 1.59 (1.24~2.04) <0.001 141 (1.09~1.82) 0.008
OGTT status®

Group 1 377 (0.7) 1 (Ref) 1 (Ref)

Group 2 44(0.9) 1.33(0.97~1.82) 0.077 1.26 (0.92~1.72) 0.152

Group 3 83 (1) 1.52(1.2~1.93) 0.001 1.39(1.09~1.78) 0.007

Group 4 29(1.5) 221(1.51~3.23) <0.001 1.86 (1.26~2.74) 0.002

P for trend <0.001 <0.001

Abbreviations: CHD congenital heart defect, GDM gestational diabetes mellitus, OGTT oral glucose tolerance test

2 Adjusted for infant sex, maternal age, assisted reproduction, gestational hypertension, gravidity, parity, and gestational week of delivery

b OGTT status: Group 1 represents OGTT 0 h, 1 h and 2 h are all normal; Group 2 indicates that OGTT 0 h is abnormal, while OGTT 1 h and 2 h is normal; Group 3
indicates that OGTT 0 h is normal, while OGTT 1 h or 2 h is abnormal; Group 4 represents OGTT 0 h, 1 h or 2 h are all abnormal
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Table 3 Multinomial logistic regression analysis of the associations between mid-pregnancy glucose status and specific congenital

heart defect subtypes
Variable AVSD Other®
n (%) OR (95%Cl) Pvalue n (%) OR (95%Cl) Pvalue

GDM

No 265 (0.5) 1 (Ref) 112(0.2) 1 (Ref)

Yes 118(0.8) 148 (1.18~1.84) 0.001 38(0.2) 1.25(0.86~1.82) 0.242
OGTTOh

<5.1 mmol/L 331(0.5) 1 (Ref) 129 (0.2) 1 (Ref)

>5.1 mmol/L 52(0.7) 1.32(0.98~1.77) 0.069 21(0.3) 147 (093~235) 0.102
OGTT1h

<10 mmol/L 318 (0.5) 1 (Ref) 138(0.2) 1 (Ref)

>10 mmol/L 65 (0.9) 16(1.22~2.11) 0.001 12(0.2) 0.77 (0.42~1.4) 0.388
OGTT2h

<8.5 mmol/L 331(0.5) 1 (Ref) 129(0.2) 1 (Ref)

>8.5 mmol/L 52(0.8) 1.33(0.99~1.38) 0.061 21(0.3) 1.63(1.02~2.62) 0.041
OGTT status®

Group 1 265 (0.5) 1 (Ref) 112(0.2) 1 (Ref)

Group 2 30(0.6) 1.21(0.83~1.77) 0.333 14(0.3) 1.39(0.8~243) 0.247

Group 3 66 (0.8) 1.53(1.16~2.01) 0.003 17 (0.2) 1.05 (0.63~1.76) 0.858

Group 4 22 (1.1) 1.91(1.23~2.99) 0.004 7(04) 1.72(0.79~3.74) 0.169
P for trend <0.001 0.257

All models adjusted for infant sex, maternal age, assisted reproduction, gestational hypertension, gravidity, parity, and gestational week of delivery

Abbreviations: AVSD atrial or ventricular septal defect, GDM gestational diabetes mellitus, OGTT oral glucose tolerance test

@ Congenital heart defect other than atrial or ventricular septal defect, and patent ductus arteriosus

b OGTT status: Group 1 represents OGTT 0 h, 1 h and 2 h are both normal; Group 2 indicates that OGTT 0 h is abnormal, while OGTT 1 h and 2 h is normal; Group 3
indicates that OGTT 0 h is normal, while OGTT 1 h or 2 h is abnormal; Group 4 represents OGTT 0 h,1 h and 2 h are all abnormal. Adjusted for infant sex, maternal age,
assisted reproduction, gestational hypertension, gravidity, parity, and gestational week of delivery

The exact mechanism by which GDM is linked to CHD
in fetuses is still not fully understood and remains a mys-
tery. Cardiogenesis begins with mesodermal cells in the
second week of gestation, and the heart is among the
first organs to develop during embryonic growth. During
the third weeks of gestation, a linear tubular structure is
formed, which becomes longer, bulging, and twisted dur-
ing the fourth week of gestation. The final maturation of
the heart takes place during the seventh to eighth week of
gestation. GDM is typically diagnosed after 24 weeks of
pregnancy, which contradicts the biological feasibility of
the observed birth defects. However, women who develop
GDM during pregnancy may have preexisting metabolic
dysfunctions such as islet beta-cell defects and increased
insulin resistance, which may cause mild hyperglycemic
symptoms in early pregnancy [26, 27]. Hyperglycemia-
induced cardiac abnormalities in offspring may involve
multiple pathways. Oxidative stress is a crucial process
in diabetes pathogenesis, and hyperglycemia can trigger
the production of reactive oxygen species (ROS). Even
though oxidative stress does not directly cause genotox-
icity, it can influence gene expression throughout the
embryonic development stages, indirectly contributing to

cardiac abnormalities in offspring [28]. A study conducted
on diabetic pregnant rats revealed that higher blood glu-
cose levels during embryonic heart development resulted
in increased oxidative stress and endoplasmic reticulum
stress in cardiac cells, which led to excessive apopto-
sis of ventricular muscle and endocardial cushion cells
during the embryonic period, ultimately leading to the
development of CHD such as ventricular septal defects
[29]. A cellular assay conducted in vitro also suggests
that FoxO3a, a transcriptional regulator vital to oxidative
stress, induces apoptosis in a high glucose state [30]. In
addition, although glucose itself is not a mutagen, it can
affect insulin sensitivity and the expression of insulin-
like growth factor (IGF). Also, inhibition of IGF signal-
ing in the mother during early pregnancy may lead to
adverse pregnancy outcomes, including CHD [31]. Thus,
glucose may affect IGF and play a role in CHD develop-
ment. Hyperglycemia can also affect critical pathways of
cardiac development by modifying the expression profile
of miRNAs, leading to CHD. A study comparing miRNA
expression profiles in the embryonic hearts of diabetic
and non-diabetic mice found up to 167 differentially
expressed miRNAs in abundance [32]. The target genes
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Subgroup Total Event (%) CHD P for
OR (95%Cl) interaction

Elderly parturient 0.602
No 11487 114 (1) 1.47 (1.18~1.83) —_—
Yes 3791 42 (1.1) 1.24 (0.83~1.85) [ S

Multipara 0.652
No 7895 92(1.2)  1.48(1.15~1.89) — =
Yes 7383 64 (0.9)  1.32(0.98~1.79) —

Assisted reproduction 0.521
No 14647 149 (1) 1.43 (1.17~1.74) —
Yes 631  7(1.1) 0.98 (0.37~2.58) =

Gestational hypertension 0.085
No 14554 149 (1) 1.49 (1.22~1.81) —
Yes 724 7(1) 0.56 (0.22~1.39) =

Premature birth 0.083
No 978 24 (2.5) 0.93 (0.57~1.52) -
Yes 14300 132 (0.9) 1.54 (1.25~1.90) —

Sex of newborn infant 0.099
Boys 8226 72(0.9)  1.21(0.92~1.60) —_—
Girls 7052 84 (1.2)  1.64(1.26~2.15) —_—

0.25 0.50 0.75 10 135 20
OR (95%Cl)

Fig. 3 Subgroup analysis of the associations between gestational diabetes mellitus and risks of congenital heart defect

of many miRNAs can express transcription factors and
are associated with cardiac dysplasia and apoptosis, such
as Nkx2.5, Zeb2, Mef2c, and Etsl [32-34]. It should be
emphasised, of course, that by the time the OGTT is per-
formed, the fetal heart formation has already developed
and the results of the OGTT may not be a direct risk fac-
tor for the fetal heart defects. However, the diagnosis of
maternal GDM at the time of the OGTT also reflects, to
a certain extent, the metabolism of blood glucose in early
pregnancy, as it is possible that GDM has already been
present, but has not been detected. On the other hand,
the results of the OGTT are also useful as an indicator for
screening high-risk fetuses.

AVSDs are a type of congenital heart defect character-
ized by defects in the septum at or near the level of the
AV valves, including primum atrial septal defects, inflow
ventricular septal defects, and complete common AV
canal spanning the atria and ventricles [35]. The severity
of AVSDs can vary from partial to transitional to com-
plete, as well as AVSDs associated with ectopic syndrome
and tetralogy of Fallot, depending on the morphology
and development of the atrioventricular valves [36]. The

incidence of AVSD in the general population is reported
to be 0.24 to 0.31 per 1000 live births [37]. The current
study found a significant association between high blood
glucose levels at different time points in OGTT during
mid-pregnancy and an increased risk of AVSD in the
offspring. This is consistent with the findings of a meta-
analysis published in 2019 that reported a 4.74 times
higher risk of fetal AVSD associated with maternal dia-
betes [18]. An animal study suggested that the develop-
mental period of the endocardial cushion is an important
time for the formation of AVSDs, and that endoplasmic
reticulum stress induced by maternal hyperglycemia may
play a role in this process [38].

Subgroup analysis revealed that the association
between mid-pregnancy hyperglycemia and CHD risk in
the offspring varied by factors such as maternal age and
menstrual status. Non-advanced maternal age was found
to be a high-risk group for hyperglycemia-induced CHD.
However, older mothers may be more likely to receive
advice from their doctors during pregnancy check-ups
and therefore pay more attention to their diet and life-
style during pregnancy, potentially reducing their risk of
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No 60558 1.49 (1.16~1.93) 1.42 (0.94~2.15) ——
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Multipara 0.571
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No 70457 1.49 (1.18~1.87) 1.3 (0.89~1.91) ———
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Gestational hypertension 0.07
No 69832 1.56 (1.24~1.97) 1.33 (0.91~1.94) -
Yes 2404 0.64 (0.25~1.65) NA g
Premature birth 0.12
No 68784 1.67 (1.31~2.13) 1.28 (0.86~1.92) o——
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Sex of newborn infant 0.241
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| I I I I |
0.25 050 0.75 1.0 135 20

OR (95%Cl)
Fig. 4 Subgroup analysis of the associations between gestational diabetes mellitus and risks of congenital heart defect subtypes. Multinomial
logistic regressions adjusted for infant sex, maternal age, assisted reproduction, gestation hypertension, gravidity, parity, and gestational week
of delivery (not for adjusted variables stratified analysis)

adverse pregnancy outcomes. Assisted reproduction and
gestational hypertension may also contribute to differ-
ences in subgroup analysis due to sample size.

Several limitations of this study should be noted.
The study only examined blood glucose changes from
24-28 weeks of gestation and did not record whether
pregnant women took steps to control their blood glu-
cose. Additionally, potential confounding factors such
as smoking, alcohol consumption, and caffeine use
were not investigated. However, according to Chinese
social customs, alcohol and cigarette consumption
are rare among pregnant women, who generally pre-
fer tea. Besides, as mentioned above, HbAlc is impor-
tant to evaluate the meaning of the OGTT result, but
HbA1lc levels were not available in this study. Finally,
this was a single-center cohort study, and the data only
included information from the Maternal and Child

Health Hospital in Fujian Province, although this facil-
ity serves almost half of the pregnant women in the city
and can be considered somewhat representative of the
population.

Conclusions

GDM, abnormal glucose regulation at different time
points in OGTT associated with a higher risk of con-
genital heart malformations in the fetus. Furthermore,
the incidence of CHD in the offspring tends to increase
with increasing levels of glycemic cross-grouping.
The findings also remind primary care hospitals that
screening and management of GDM are not suffi-
ciently dependent on checking fasting blood glucose
alone. The offspring of pregnant women with GDM
diagnosed by OGTT should be managed as high-risk
fetuses for congenital heart defects.
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