
Citation: Jiang, H.; Guo, Y.; Chen, L.;

Shi, H.; Huang, N.; Chi, H.; Yang, R.;

Long, X.; Qiao, J. Maternal

Preconception Glucose Homeostasis

and Insulin Resistance Are Associated

with Singleton and Twin Birthweight

of Neonates Conceived by PCOS

Women Undergoing IVF/ICSI Cycles.

J. Clin. Med. 2023, 12, 3863. https://

doi.org/10.3390/jcm12113863

Academic Editors: Blazej

Meczekalski and Ferdinando

Antonio Gulino

Received: 12 April 2023

Revised: 20 May 2023

Accepted: 2 June 2023

Published: 5 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Maternal Preconception Glucose Homeostasis and Insulin
Resistance Are Associated with Singleton and Twin
Birthweight of Neonates Conceived by PCOS Women
Undergoing IVF/ICSI Cycles
Huahua Jiang 1,2,3,4 , Yaxin Guo 5, Lixue Chen 1,2,3,4, Huifeng Shi 2,6,7 , Ning Huang 1,2,3,4, Hongbin Chi 1,2,3,4,
Rui Yang 1,2,3,4, Xiaoyu Long 1,2,3,4,* and Jie Qiao 1,2,3,4,8,9,*

1 Center for Reproductive Medicine, Department of Obstetrics and Gynecology, Peking University Third
Hospital, Beijing 100191, China; 2116395010@bjmu.edu.cn (H.J.)

2 National Clinical Research Center for Obstetrics and Gynecology, Peking University Third Hospital,
Beijing 100191, China

3 Key Laboratory of Assisted Reproduction, Peking University, Ministry of Education, Beijing 100191, China
4 Beijing Key Laboratory of Reproductive Endocrinology and Assisted Reproductive Technology,

Beijing 100191, China
5 Reproductive Medicine Center, Tongji Hospital, Tongji Medicine College, Huazhong University of Science

and Technology, Wuhan 430074, China
6 Obstetrical Department, Department of Obstetrics and Gynecology, Peking University Third Hospital,

Beijing 100191, China
7 National Center for Healthcare Quality Management in Obstetrics, Beijing 100191, China
8 Beijing Advanced Innovation Center for Genomics, Peking University, Beijing 100191, China
9 Peking-Tsinghua Center for Life Sciences, Peking University, Beijing 100191, China
* Correspondence: 1663179510@bjmu.edu.cn (X.L.); qiaojie@bjmu.edu.cn (J.Q.)

Abstract: Polycystic ovary syndrome (PCOS) can induce fertility and metabolism disorders, which
may increase the prevalence of glucose metabolism disorders and cause health hazards to women
and their offspring. We aim to evaluate the effect of maternal preconception glucose metabolism on
neonatal birthweight in PCOS women undergoing IVF/ICSI cycles. We retrospectively analyzed
269 PCOS women who delivered 190 singletons and 79 twins via IVF/ICSI at a reproductive cen-
ter. The effects of maternal preconception glucose metabolism indicators on singleton and twin
birthweight were evaluated using generalized linear models and generalized estimate equations,
respectively. The potential nonlinear associations were evaluated using generalized additive models.
The analyses were further stratified by maternal preconception BMI and delivery mode to evaluate
the possible interaction effects. Among PCOS women, maternal preconception fasting plasma glucose
(FPG) and glycohemoglobin (HbA1c) had significant negative associations with singleton birthweight
(all p for trends = 0.04). We also found an overweight-specific association between elevated mater-
nal preconception 2 h plasma insulin (2hPI) and twin birthweight (p for interactions = 0.05) and a
caesarean-specific association between maternal preconception HbA1c and singleton birthweight
(p for interactions = 0.02) in PCOS women. Maternal preconception glucose metabolism may affect
neonatal birthweight, suggesting the importance of preconception glucose and insulin management
for PCOS women. Further large prospective cohorts and animal studies are needed to confirm these
findings and investigate the potential mechanisms.

Keywords: PCOS; preconception; birthweight; glucose metabolism; in vitro fertilization

1. Introduction

Over the past few decades, the prevalence of impaired glucose tolerance (IGT) and
diabetes mellitus (DM) has increased rapidly worldwide [1,2]. The cases of IGT and DM
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in adults aged beyond 18 years were estimated to be 374 and 451 million in 2017 and are
predicted to rise to 587 and 629 million in 2045, respectively [2].

IGT and DM have become major health burdens affecting women of reproductive
age and have caused increased health hazards to women and their offspring [3,4]. With
the proposal of the developmental origins of health and disease (DOHaD) hypothesis [5],
the effects of maternal glucose metabolism disorders (i.e., insulin resistance (IR), IGT, DM)
during the preconception and pregnancy period on pregnancy outcomes and offspring
have been widely valued [4,6–9]. However, globally, almost half of the women with
DM (49.7%) were undiagnosed [2]. Moreover, IR, IGT, and DM often occur in polycystic
ovary syndrome (PCOS), which affects 5–18% of women of reproductive age with lifelong
high risks of reproductive, endocrine, metabolic, and psychological complications [10].
Mendelian randomization (MR) analyses have proven that fasting insulin and IR are the
cause of PCOS [11]. In addition, PCOS women with insulin sensitivity status have a higher
risk of gestational DM [12].

Studies have elucidated the adverse effect of abnormal glucose metabolism on preg-
nancy and neonatal outcomes in pregnant women. Hyperglycemic pregnant women were
proven to have a high prevalence of caesarean section, preterm delivery, low one-minute
Apgar score, respiratory distress syndrome, neonatal jaundice, admission to the neona-
tal ICU, infants born large for gestational age (LGA), macrosomia, and offspring who
were overweight obesity obese at preschool age [9,13–16]. Rare mutations of GCK (i.e.,
rs1799884), a key determinant of fasting glucose, can cause fasting hyperglycemia and alter
birthweight [17,18]. Maternal glycohemoglobin (HbA1c) and IR during pregnancy were
also illuminated as altering neonatal birthweight [19,20]. Compared with the pregnancy
period, the preconception period is essential for the growth and maturation of oocytes. An
abnormal maternal environment may adversely affect oogenesis and subsequent offspring
outcomes [8,21]. However, the available human data on the relationship between abnormal
preconception glucose metabolism and neonatal outcomes are rather limited [4,7]. More-
over, although PCOS women are prone to glucose metabolism disorders, scarce studies
have focused on the neonatal outcomes of PCOS women undergoing in vitro fertilization
(IVF) or intracytoplasmic sperm injection (ICSI) cycles.

This study aims to illustrate the effects of maternal abnormal preconception glucose
metabolism (i.e., abnormal glucose homeostasis, IR) on the birthweight of singleton and
twin neonates conceived by PCOS women undergoing IVF/ICSI cycles.

2. Material and Methods
2.1. Ethics Statement

Approval was obtained from the Institutional Review Board of Peking University
Third Hospital (no. 2021SZ—011), and all participants in this study signed consent forms.

2.2. Study Population

We retrospectively analyzed PCOS patients aged between 20 and 45 years old who
underwent their first fresh IVF/ICSI cycles with autologous oocytes at the Reproductive
Center of Peking University Third Hospital from 1 January 2018 to 30 December 2020. The
diagnosis of PCOS was based on the Rotterdam criteria by at least two of the following
three clinical features: oligo- or anovulation, hyperandrogenism (clinical or biochemical),
and/or polycystic ovary [22]. The exclusion criteria were as follows: (1) history of ovarian
diseases or iatrogenic ovarian injury; (2) uterine abnormality; (3) history of endocrine
disease, autoimmune disease, or recurrent spontaneous abortion; (4) maternal or paternal
chromosomal abnormalities; (5) undergoing in vitro maturation or preimplantation genetic
testing cycles. Finally, 269 PCOS women who gave birth to a total of 190 living singletons
and 79 living twins were included in the current study. Data on the baseline reproductive
characteristics, cycle characteristics, and birth outcomes (i.e., neonatal birthweight, delivery
mode, gestational age, and neonatal sex) were extracted from the internal database. The
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gestational age was computed according to the American College of Obstetricians and
Gynecologists (ACOG) [23].

2.3. IVF Procedures

All of the enrolled patients received a standardized individualized controlled ovarian
stimulation protocol according to their BMI and ovarian reserve characteristics (i.e., female
age, antral follicle count (AFC), basal follicle-stimulating hormone (FSH)), as previously
described [24]. Final oocyte maturation was triggered with 5000 to 10,000 IU hCG (Livzon)
when at least two leading follicles reached beyond 18 mm. Oocyte retrieval was performed
transvaginally 36 ± 2 h after the hCG injection. Fertilization was performed by conventional
insemination or ICSI 4–6 h after oocyte retrieval based on the sperm quality. Up to two day
3 embryos or day 5–6 blastocysts were transferred by specified gynecologists following
standardized procedures.

On the day of oocyte retrieval, luteal-phase support was initiated with oral dydro-
gesterone (40 mg/day) (Duphaston, Abbott, Chicago, IL, USA) or vaginal progesterone
(90 mg/day) (Crinone, Merck Serono, Darmstadt, Germany) until the tenth week of
pregnancy.

2.4. Biochemical Assessment

A 75 g oral glucose tolerance test (OGTT) and insulin-releasing test after an overnight
fast of at least 8 h were conducted within six months before the initiation of COS. The
fasting plasma glucose (FPG) and 2 h plasma glucose (2hPG) were quantified by the hexok-
inase method (Beckman Access Health Company, Chaska, MN, USA). The fasting plasma
insulin (FPI) and 2 h plasma insulin (2hPI) were quantified by chemiluminescence using
the Immulite 1000 system (DPC, USA). HbA1c was measured using ion-exchange high-
performance liquid chromatography (HLC-723 G8, Tosoh, Tokyo, Japan). The laboratory
technicians were blinded to other information about the study population.

2.5. Pregnancy and Neonatal Follow-Up

Pregnancy was preliminarily diagnosed by the positive serum hCG test 14 days after
transplantation and further confirmed by the observation of fetal heart activity in the
gestational sac by transvaginal ultrasound 3–4 weeks after transplantation. A live birth
was defined as the delivery of a live fetus beyond 28 weeks of gestation. After delivery,
well-trained follow-up nurses collected information regarding the pregnancy outcomes
(i.e., clinical pregnancy and live birth) and birth outcomes (i.e., gestational age, delivery
mode, neonatal sex, and neonatal birthweight) by telephone interviews.

2.6. Statistical Analysis

Statistical analyses were conducted with R software (version 4.0.3, R Foundation for
Statistical Computing). The participants’ baseline reproductive and cycle characteristics
were represented as the median (interquartile range (IQR)) or n (%). The homeostasis model
assessment 2 estimate of insulin resistance (HOMA2-IR) was calculated with the HOMA2
Calculator (https://www.rdm.ox.ac.uk/about/our-clinical-facilities-and-mrc-units/DTU/
software/homa, (accessed on 5 April 2023) version 2.2.4, University of Oxford, Oxford,
UK) using FPG and FPI values [25]. The Gutt insulin sensitivity index was calculated as
m/ (G × I), where m is a measure of glucose uptake during the OGTT calculated from
body weight and fasting and 2 h glucose; G is the mean of fasting and 2-h glucose; and
I is a log10 transformation of the mean of fasting and 2 h insulin [26]. The quantitative
insulin sensitivity check index (QUICKI) was calculated as 1/[log (I0) + log (G0)], where I0
is the fasting insulin and G0 is the fasting glucose [27]. Differences in baseline reproductive
and cycle characteristics between the singleton and twin groups were evaluated using
the Kruskal–Wallis test for continuous variables and the Chi-squared test for categorical
variables (or Fisher’s exact test where appropriate). The FPG, 2hPG, FPI, 2hPI, HbA1c,
HOMA2-IR, Gutt index, and QUICKI were categorized into tertiles for the association
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analyses. When analyses required a normal distribution, FPG, 2hPG, FPI, 2hPI, and HbA1c
were ln-transformed due to right skewness.

Generalized linear models were established to investigate the associations between
maternal preconception glucose metabolism indicators and neonatal birthweight in the sin-
gleton groups. Generalized estimate equations were established to explore the associations
between maternal preconception glucose metabolism indicators and neonatal birthweight
in the twin groups. Normal distribution and an identity link were applied for neonatal
birthweight. The linear trend tests across tertiles were identified using an ordinal number
(1, 2, and 3). The potential confounders were chosen if their associations with either birth
outcomes or glucose metabolism were reported [28] or when the effect estimate led to a
>10% change in the models to evaluate the associations between thyroid function indicators
and neonatal birthweight [29]. Finally, we retained the following covariates in the models:
preconception BMI and duration of infertility were examined as continuous variables; ovar-
ian stimulation regimen (GnRH antagonist, long GnRHa, others), gestational age (<37 and
37–42 weeks), and delivery mode (vaginal delivery and caesarean section) were examined
as dichotomous variables. All of the models were adjusted for the same set of covariates
for consistency.

For better interpretation, the results of the total study population were also presented
as marginal means using the R package “emmeans” (version 1.6.2-1). To explore the
possible nonlinear effects, generalized additive models were established to evaluate the
associations between maternal preconception glucose metabolism indicators and neonatal
birthweight in the singleton and twin groups. We further stratified the study population
by preconception BMI (<25 vs. ≥25 kg/m2) and delivery mode (vaginal delivery and
caesarean section) to evaluate the possible modification effect. In addition, we conducted
three sensitivity analyses to test the robustness of the results: (1) restricting the analyses to
women with a BMI ≥18.5 kg/m2; (2) restricting the analyses to women applying stimulation
cycles; (3) restricting the analyses to women with day 3 embryos transferred. Two-sided
p-values of <0.05 were considered statistically significant.

3. Results
3.1. Baseline Reproductive and Clinical Characteristics of the Study Population

The baseline reproductive and clinical characteristics of 190 PCOS mothers with
singletons and 79 PCOS mothers with twins are presented in Table 1. Among the PCOS
women with singletons and twins, the median maternal age was 31 and 30 years old,
respectively, and the median preconception BMI was 25.1 and 24.6 kg/m2, respectively.
Most of the women were diagnosed with primary infertility (75.3% of the singleton group,
82.3% of the twin group); used the GnRH antagonist protocol (77.9% of the singleton group,
74.7% of the twin group); and underwent conventional IVF (77.4% of the singleton group,
73.4% of the twin group). Almost all of them underwent embryo transfer on day 3 (94.7%
of the singleton group, 100.0% of the twin group) with two embryos (87.4% of the singleton
group, 100.0% of the twin group). There were significant differences in the number of
embryos transferred, gestational age, delivery mode, neonatal sex, and birthweight between
the singleton and twin groups (all p < 0.01).

Table 1. Baseline reproductive and cycle characteristics of the PCOS women with singleton and twin
births (median (IQR) or n (%)).

Characteristics
Singletons Twins

P a
N = 190 N = 79

Age, years 31 (28–33) 30 (28–32) 0.21

Preconceptional BMI,
kg/m2 25.1 (22.1–28.5) 24.6 (22.3–27.8) 0.95

AFC, n 17 (13–22) 17 (13–24) 0.37
AMH, ng/mL 5.5 (3.6–7.8) 5.6 (3.6–9.3) 0.52
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Table 1. Cont.

Characteristics
Singletons Twins

P a
N = 190 N = 79

Duration of infertility,
years 3 (2–5) 3 (2–5) 0.53

FPG, mmol/L 4.9 (4.6–5.2) 4.8 (4.5–5.1) 0.44
2hPG, mmol/L 6.7 (5.6–8) 6.6 (5.7–7.8) 0.84

FPI, uIU/ml 11.7 (8.1–17.2) 11.9 (7.6–16.4) 0.64
2hPI, uIU/ml 66.9 (41.8–113.8) 67.8 (39.1–123.7) 0.98

HbA1c, % 5.4 (5.2–5.7) 5.4 (5.3–5.6) 0.68
HOMA2-IR 1.3 (0.9–1.9) 1.3 (0.8–1.8) 0.74
Gutt index 65.9 (54.1–85.4) 66.7 (52.6, 81.9) 0.98

QUICKI 0.33 (0.31–0.35) 0.33 (0.31–0.35) 0.39
Infertility type Primary 143 (75.3%) 65 (82.3%) 0.21

Secondary 47 (24.7%) 14 (17.7%)
Ovulation induction

protocol Stimulation cycle 182 (95.8%) 77 (97.5%) 0.73

Minimal-stimulation
cycle 8 (4.2%) 2 (2.5%)

Ovarian stimulation
regimen GnRH antagonist 148 (77.9%) 59 (74.7%) 0.32

Long GnRHa 41 (21.6%) 18 (22.8%)
Others b 1 (0.5%) 2 (2.5%)

Insemination technique IVF 147 (77.4%) 58 (73.4%) 0.49
ICSI 43 (22.6%) 21 (26.6%)

Timing of embryo
transfer Day 3 180 (94.7%) 79 (100.0%) 0.11

Day 5 7 (3.7%) 0 (0.0%)
Day 6 3 (1.6%) 0 (0.0%)

Transferred embryo
number, n 1 24 (12.6%) 0 (0.0%) <0.01

2 166 (87.4%) 79 (100.0%)
Gestational age, weeks <37 25 (13.2%) 43 (54.4%) <0.001

37–42 165 (86.8%) 36 (45.6%)
Delivery mode Vaginal delivery 90 (47.4%) 9 (11.4%) <0.001

Caesarean 100 (52.6%) 70 (88.6%)
Neonatal sex Male 98 (51.6%) 120 (75.9%) <0.001

Female 71 (48.4%) 59 (24.1%)
Birthweight, g <2500 13 (6.8%) 78 (49.4%) <0.001

2500–4000 167 (87.9%) 80 (50.6%)
≥4000 10 (5.3%) 0 (0.0%)

Abbreviations: PCOS, polycystic ovary syndrome; IQR, interquartile range; BMI, body mass index; AFC, antral
follicle count; AMH, anti-Müllerian hormone; FPG, fasting plasma glucose; 2hPG, 2 h plasma glucose; FPI, fasting
plasma insulin; 2hPI, 2 h plasma insulin; HbA1c, glycosylated hemoglobin type A1C; HOMA2-IR, homeostasis
model assessment 2 estimate of insulin resistance; QUICKI, quantitative insulin sensitivity check index; GnRH,
gonadotropin-releasing hormone; GnRHa, gonadotropin-releasing hormone agonist; IVF, in vitro fertilization;
ICSI, intracytoplasmic sperm injection. a p-values comparing the differences between the singleton group and
twin group. b Other protocols include the short GnRHa protocol, ultrashort GnRH antagonist protocol, and
clomiphene citrate protocol.

3.2. Glucose Metabolism Indicators and Neonatal Birthweight

The associations between maternal preconception glucose metabolism indicators and
neonatal birthweight of the singleton and twin groups among PCOS women are shown
in Tables 2 and S1. We observed a negative correlation between maternal preconception
FPG and neonatal birthweight in the singleton group (p for trend = 0.04). Compared with
women in the first tertile of FPG, women in the third tertile had a decrease in singleton
birthweight of −161.30 g (95% CI: −316.02 g, −6.52 g). We also observed a correlation
between elevated maternal preconception HbA1c and decreasing neonatal birthweight
in the singleton group (p for trend = 0.04). Compared with women in the first tertile of
HbA1c, women in the third tertile had a decrease in singleton birthweight of −165.60 g
(95% CI: −318.76 g, −12.40 g). However, we found no significant association between
glucose metabolism indicators and twin neonatal birthweight.
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Table 2. Regression coefficients (95% CI) for neonatal birthweight by glucose metabolism indicators
among PCOS women undergoing their first IVF/ICSI cycles a.

Glucose Metabolism
Indicators

β (95% CI)

Singletons b Twins c

N = 190 N = 79

FPG
T1 Ref. Ref.
T2 –60.30 (–204.38, 83.75) –34.86 (–183.44, 113.70)
T3 –161.30 (–316.02, –6.52) –48.13 (–193.74, 97.50)

p for trend 0.04 0.49
2hPG

T1 Ref. Ref.
T2 –105.10 (–252.17, 42.00) 113.31 (–27.58, 254.20)
T3 –139.80 (–297.65, 18.10) –68.91 (–224.15, 86.30)

p for trend 0.08 0.44
FPI
T1 Ref. Ref.
T2 22.40 (–131.24, 176.00) –13.46 (–177.19, 150.30)
T3 –70.40 (–242.50, 101.70) –74.70 (–228.99, 79.60)

p for trend 0.42 0.35
2hPI
T1 Ref. Ref.
T2 –74.00 (–220.76, 72.80) 113.05 (–24.87, 251.00)
T3 –64.60 (–228.57, 99.40) 71.46 (–76.82, 219.70)

p for trend 0.41 0.30
HbA1c

T1 Ref. Ref.
T2 –50.90 (–191.54, 89.70) 2.10 (–129.80, 134.00)
T3 –165.60 (–318.76, –12.40) 181.39 (8.60, 354.20)

p for trend 0.04 0.07
HOMA2-IR

T1 Ref. Ref.
T2 2.39 (–150.00, 154.70) –67.49 (–230.66, 95.70)
T3 –49.02 (–228.00, 130.10) –22.90 (–177.09, 131.30)

p for trend 0.58 0.71
Gutt Index

T3 Ref. Ref.
T2 –89.99 (–241.56, 61.60) 126.38 (–15.69, 268.50)
T1 –89.46 (–257.52, 78.60) –56.93 (–200.07, 86.20)

p for trend 0.28 0.58
QUICKI

T3 Ref. Ref.
T2 –2.73 (–154.94, 149.50) –35.11 (–208.07, 137.80)
T1 –102.39 (–280.11, 75.30) –69.03 (–221.26, 83.20)

p for trend 0.27 0.37
a Adjusted for preconception BMI (continuous), duration of infertility (continuous), ovarian stimulation regimen,
gestational age, and delivery mode. b Based on generalized linear models. c Based on generalized estimating
equations

We further assumed the potential nonlinear associations between maternal precon-
ception glucose metabolism indicators and neonatal birthweight of the singleton and twin
groups among PCOS women. As shown in Figures 1 and 2, no significant nonlinear as-
sociation between maternal preconception glucose metabolism indicators and neonatal
birthweight was found in the singleton or twin group.
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Figure 1. The potential nonlinear associations between glucose metabolism indicators and singleton
birthweight among PCOS women undergoing their first IVF/ICSI cycles based on the generalized
additive models using the “mgcv” R package (version R–4.0.3). (A–H): Change in singleton birth-
weight with the increase in FPG, 2hPG, FPI, 2hPI, HbA1c, HOMA2-IR, Gutt index, and QUICKI,
respectively. Adjusted for preconception BMI (continuous), duration of infertility (continuous),
ovarian stimulation regimen, gestational age, and delivery mode. The reference level (mazarine line)
was set at the median. Blue shaded areas: 95% CI.
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Figure 2. The potential nonlinear associations between glucose metabolism indicators and twin
birthweight among PCOS women undergoing their first IVF/ICSI cycles based on the generalized
additive models using the “mgcv” R package (version R–4.0.3). (A–H): Change in twin birthweight
with the increase in FPG, 2hPG, FPI, 2hPI, HbA1c, HOMA2-IR, Gutt index, and QUICKI, respectively.
Adjusted for preconception BMI (continuous), duration of infertility (continuous), ovarian stimulation
regimen, gestational age, and delivery mode. The reference level (purple line) was set at the median.
Lavender shaded areas: 95% CI.
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3.3. Stratified Analyses

Figure 3 shows the associations between maternal preconception glucose metabolism
indicators and neonatal birthweight stratified by preconception BMI in PCOS women.
We found an overweight-specific nonmonotonic association between elevated maternal
preconception 2hPI and increased twin birthweight (p for interactions = 0.05). In overweight
PCOS women, the estimated mean differences in twin neonatal birthweight when the
second and third tertiles were compared with the first tertile of 2hPI were 274.30 g (95% CI:
66.18 g, 482.50 g; p < 0.01) and 247.60 g (95% CI: 49.65 g, 445.50 g; p = 0.01), respectively.
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Figure 4 shows the associations between maternal preconception glucose metabolism
indicators and singleton neonatal birthweight stratified by delivery mode in PCOS women.
We found a caesarean-specific association between elevated maternal preconception HbA1c
and decreased singleton birthweight (p for interactions = 0.02). In PCOS women undergoing
caesarean sections, the estimated mean differences in singleton neonatal birthweight when
the extreme tertiles were compared were −253.99 g (95% CI: −459.10 g, −48.90 g; p = 0.02).
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Figure 4. Regression coefficients (95% CI) for neonatal birthweight from glucose metabolism in-
dicators among PCOS women undergoing their first IVF/ICSI cycles stratified by delivery mode
(< vaginal delivery vs. ≥ caesarean delivery). Adjusted for preconception BMI (continuous), duration
of infertility (continuous), ovarian stimulation regimen, and gestational age. Analyses of single-
tons and twins were based on the generalized linear models and generalized estimating equations,
respectively.
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3.4. Sensitivity Analyses

Although some significant effects were attenuated, the aforementioned significant effect
of maternal preconception FPG and HbA1c and singleton neonatal birthweight remained
largely unchanged when the analysis was limited to women with a BMI ≥ 18.5 kg/m2

(Table S2), women applying stimulation cycles (Table S3), and women with day 3 embryos
transferred (Table S4).

4. Discussions

We observed significant adverse effects of maternal preconception FPG and HbA1c on
singleton birthweight in PCOS women undergoing their first IVF/ICSI outcomes. In the
stratified analyses, we further found an overweight-specific nonmonotonic positive associ-
ation between maternal preconception 2hPI and twin birthweight and a caesarean-specific
negative association between maternal preconception HbA1c and singleton birthweight.

Abnormal glucose metabolism diagnosed during pregnancy has been proven to be
associated with pregnancy and neonatal complications. Previous studies have shown that
gestational maternal hyperglycemia is associated with preterm delivery, induction of labor,
macrosomia, LGA infants, shoulder dystocia, neonatal jaundice, and respiratory distress
syndrome [9,30]. Besides, women with gestational diabetes mellitus (GDM) have elevated
amniotic fluid (AF) volumes, elevated AF glucose concentrations, and altered AF metabolic
profiles [31,32], which are associated with fetal growth and neonatal birthweight [32,33].
Gestational maternal IR during pregnancy has also been elucidated to increase the risk of
preterm delivery, macrosomia, LGA infants, pregnancy-induced hypertension syndrome
(PIH), and caesarean sections among non-GDM women [20,34]. Furthermore, gestational
maternal HbA1c within the normal range has been illustrated as an independent risk factor
for preterm birth, macrosomia, and LGA infants [35]. Several studies have suggested that
maternal genetic variation may alter neonatal birthweight. A Brazilian study examined the
association between maternal single-nucleotide polymorphisms (SNPs) variants related
to glucose homeostasis and the offspring’s birthweight. They found that the mutation of
GCK rs1799884 was associated with a decreased neonatal birthweight in the miscegenated
Brazilian population [18]. Another British study elucidated that the presence of the A allele
at position −30 of the GCK beta-cell-specific promoter, present in 30% of the population,
was associated with increased offspring birthweight [36].

However, there is a lack of studies on the effect of abnormal preconception glu-
cose homeostasis and IR on neonatal outcomes, especially on neonatal birthweight. A
population-based retrospective cohort study among 6,447,339 Chinese women indicated
that women with preconception DM or impaired fasting glucose had higher risks of ad-
verse pregnancy and neonatal outcomes, including spontaneous abortion, preterm delivery,
macrosomia, SGA, and perinatal infant death [4]. Another exploratory post hoc analysis of
a randomized controlled trial from the LIFEstyle study group in the Netherlands found
that preconception HOMA-IR, an acknowledged indicator of IR, is an important predictor
of singleton birthweight among obese women [7]. In this study, we focused on PCOS
women undergoing IVF/ICSI treatment and found significant associations between mater-
nal preconception FPG and HbA1c and singleton birthweight. In addition, we observed an
overweight-specific association between elevated maternal preconception 2hPI levels and
increased twin birthweight and a caesarean-specific association between elevated maternal
preconception HbA1c levels and decreased singleton birthweight. These results provided
evidence of the impact of abnormal preconception glucose metabolism on neonatal out-
comes and emphasized the importance of preconception blood glucose and insulin testing
in PCOS women.

Glucose metabolism disorders in PCOS women have been widely illustrated [10].
Some research showed that PCOS could increase the risk of type 2 DM (T2DM). Specifically,
the incidence of T2DM is four-fold higher in women with PCOS compared to those without
PCOS in a cohort study based on the Australian Longitudinal Study on Women’s Health
(ALSWH) database [37]. However, the causal evidence between T2DM and PCOS has not
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been proven via MR analysis [38]. Wang et al. suggested that the relationship between
T2DM and PCOS might be mediated by other features (i.e., obesity) [11]. The causal links
between glucose metabolism (i.e., fasting insulin, IR) and PCOS have been proven by
several MR analyses [11]. The upregulated DNA methylation in the promoter region of
the gene encoding peroxisome proliferator-activated receptor-gamma 1 (PPARGC1A) is
a potential metabolic risk factor for IR [39]. Besides, the relationship between PCOS and
abnormal glucose metabolism seems complementary. Hyperandrogenism, as a typical
feature of PCOS, has causal links with T2DM [40]. In turn, hyperinsulinemia and IR in
PCOS can exacerbate the effect of the luteinizing hormone on the androgen production of
theca cells, thus leading to elevated circulating concentrations of total and free testosterone
and more severe manifestations of PCOS [41,42]. Moreover, insulin may drive adipose
testosterone generation by increasing aldoketoredutase type 3 (AKR1C3) activity in subcuta-
neous adipose tissue of PCOS women with IR [43]. Several studies found that the dysbiosis
of Bacteroides vulgatus in the gut microbiota contributed to IR in PCOS women [44,45].

In our study, maternal preconception FPG and HbA1c were associated with decreased
singleton birthweight. In PCOS women undergoing a caesarean section, the effect of HbA1c
was more significant. Abnormal glucose metabolism was supposed to cause adverse sin-
gleton birthweight via abnormal oogenesis and embryogenesis. Evidence from animal
studies has proved that abnormal glucose homeostasis, DM, and IR can impair oocyte
quality and early embryo development. Some studies have elucidated that IR contributes
to oxidative stress (OS) and impaired mitochondrial function in germinal vesicle (GV) and
metaphase II (MII) oocytes, thus resulting in GV oocyte apoptosis, spindle abnormalities
and the chromosomal misalignment of MII oocytes, fertilization disorder, increased em-
bryo fragmentation, and the arrest of embryo development [46]. DM has been proven to
induce abnormal ER distribution patterns [47], reduced oocyte zona pellucida thickness [48],
mtDNA mutations [49], mitochondrial dysfunction [50], energy metabolism defects [51,52],
meiosis abnormality [53], and epigenetic alteration [8,51] in oocytes. Mitochondrial dys-
function and energy metabolism dysregulation are also observed in the cumulus cells of
diabetes mice [54]. The reduction of SIRT3 protein in the oocytes of DM mice can cause
meiotic defects via the SIRT3-dependent GSK3β pathway [55]. These results show that the
effect of abnormal glucose metabolism on oocyte quality may lead to abnormal embryo
development and adverse pregnancy outcomes. Data from human studies which focused
on PCOS women also suggested that abnormal glucose metabolism had adverse effects
on oocyte and embryo development outcomes during IVF/ICSI, including poor ovarian
response, decreased number of retrieved oocytes, impairment of oocyte maturation, and
pregnancy outcomes [56–58]. We also found that maternal 2hSI was associated with in-
creased twin birthweight in overweight PCOS women, suggesting that 2hSI may induce
lipid accumulation in twin neonates through the interaction effect with BMI. The regulation
of glucose and lipid metabolism are usually intertwined [59]. Zhu et al. elucidated the
bidirectional causality among HDL cholesterol, triglycerides, and fasting insulin by MR
analysis [60]. Besides, increased fatty acid esterification has been found on the fetal side of
the placenta in twin pregnancies when compared with singleton pregnancies, indicating a
more active lipid transfer to the fetal circulation in response to the greater energy demand
of twins [61].

To our knowledge, this is the first study to investigate the effect of maternal preconcep-
tion glucose metabolism on neonatal birthweight in PCOS women undergoing IVF/ICSI
cycles. We found that maternal preconception abnormal glucose indicators can alter the
neonatal birthweight and stressed the importance of preconception blood glucose and
insulin monitoring and management in PCOS women. However, some limitations of our
study should be mentioned. First, due to the retrospective nature of the study, the potential
bias in data collection may lead to the inaccurate interpretation of analyses. However,
given that the data in our study are objective measures with specific definitions, the bias
may be partially eliminated. Well-designed prospective studies and related basic research
are still needed to confirm our findings in the future. Second, we only studied the glucose
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metabolism indicators at a single preconception time. The gestational glucose metabolism
condition may significantly influence pregnancy and neonatal outcomes [9]. Hence, further
studies considering maternal glucose metabolism during preconception and all trimesters
of pregnancy will provide more conclusive evidence. Third, we did not consider the possi-
ble adjunctive therapy recommended for hyperglycemic or IR women before and during
pregnancy by doctors, including exercise, diet, and medication. This information was not
well collected in the electronic medical records, which would result in underestimating
the risks.

5. Conclusions

In conclusion, we found maternal preconception FPG and HbA1c were inversely asso-
ciated with singleton birthweight. We also observed an overweight-specific positive associ-
ation between maternal preconception 2hPI and twin birthweight and a caesarean-specific
negative association between maternal preconception HbA1c and singleton birthweight.
Although the results of our research need further confirmation via more well-designed
prospective cohort studies and experimental studies, we suggested that preconception
abnormal glucose metabolism may increase the risk of adverse neonatal outcomes in PCOS
women. The monitoring and management of preconception glucose homeostasis and IR
are essential methods of improving the neonatal outcomes of PCOS women.
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indicators among PCOS women with preconception BMI ≥ 18.5 kg/m2 undergoing their first IVF/ICSI
cycles; Table S3: Regression coefficients (95% CI) for neonatal birthweight by glucose metabolism
indicators among PCOS women undergoing their first stimulated IVF/ICSI cycles; Table S4: Regression
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