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Abstract

Aims/hypothesis Accumulating evidence suggests an impact of gestational weight gain (GWG) on pregnancy outcomes; how-
ever, data on cardiometabolic risk factors later in life have not been comprehensively studied. This study aimed to evaluate the
relationship between GWG and cardiometabolic risk in offspring aged 7 years.

Methods We included a total of 905 mother—child pairs who enrolled in the follow-up visit of the multicentre Hyperglycemia and
Adverse Pregnancy Outcome study, at the Hong Kong Centre. Women were classified as having gained weight below, within or
exceeding the 2009 Institute of Medicine (IOM) guidelines. A standardised GWG according to pre-pregnancy BMI categories
was calculated to explore for any quadratic relationship.

Results Independent of pre-pregnancy BMI, gestational hyperglycaemia and other confounders, women who gained more
weight than the IOM recommendations had offspring with a larger body size and increased odds of adiposity, hypertension
and insulin resistance (range of p values of all the traits: 4.6 x 10™° < p < 0.0390) than women who were within the recommended
range of weight gain during pregnancy. Meanwhile, women who gained less weight than outlined in the recommendations had
offspring with increased risks of hypertension and insulin resistance, compared with those who gained weight within the
recommended range (7.9 x 10 < p < 0.0477). Quadratic relationships for diastolic blood pressure, AUC for insulin, pancreatic
beta cell function and insulin sensitivity index were confirmed in the analysis of standardised GWG (1.4 x 10°< Pquadratic <
0.0282). Further adjustment for current BMI noticeably attenuated the observed associations.

Conclusions/interpretation Both excessive and inadequate GWG have independent and significant impacts on childhood adi-
posity, hypertension and insulin resistance. Our findings support the notion that adverse intrauterine exposures are associated
with persistent cardiometabolic risk in the offspring.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00125-018-4724-x) contains peer-reviewed but
unedited supplementary material, which is available to authorised users.
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What is already known about this subject?

®  Malnutrition in utero sustainably shapes the body’s structure, function and metabolism and contributes to

adult diseases

® Emerging data indicates an increased risk of adverse pregnancy outcomes in women who did not hit the
weight gain target of the Institute of Medicine 2009 guidelines

® The role of maternal gestational weight gain (GWG) in offspring’s long-term cardiometabolic risk remains

unclear

What is the key question?

®  How does maternal GWG affect the offspring’s cardiometabolic risk at a young age (7 years)?

What are the new findings?

® Independent of pre-pregnancy BMI, gestational hyperglycaemia and other confounders, we confirmed that
GWG was positively associated with body size and adiposity in offspring

®  More importantly, we observed a U-shaped relationship between maternal GWG and increased risks of insulin
resistance and hypertension, with higher diastolic blood pressure, greater AUC for insulin and pancreatic beta
cell function, and lower Matsuda insulin sensitivity index in children whose mother had gained more or less

weight than recommended during pregnancy

®  Further adjustment for current BMI attenuated the observed associations

How might this impact on clinical practice in the foreseeable future?

®  Ourfindings support the idea that an unfavourable gestational environment predisposes offspring to long-
term cardiometabolic risk, highlighting the need to optimise pre-conception and pregnancy conditions and
develop prevention strategies for children whose mothers gained weight outside of the recommendations

during pregnancy

Keywords Adiposity - Cardiometabolic risk factors - Chinese children - Gestational weight gain - Hypertension - Insulin

resistance - Maternal pre-pregnancy BMI

Abbreviations

AUC,, AUC for glucose
AUC;,s AUC for insulin

DBP Diastolic blood pressure
FPG Fasting plasma glucose

FPI Fasting plasma insulin

GWG  Gestational weight gain

HAPO  Hyperglycemia and Adverse Pregnancy Outcome
IOM Institute of Medicine

IST Insulin sensitivity index

IGI Insulinogenic index

SBP Systolic blood pressure

Introduction
Type 2 diabetes has been recognised as a familial disease trans-

mitted across generations through genetic, epigenetic and envi-
ronmental circumstances including in utero exposures. To
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illustrate the role of early-life exposures in programming of dis-
ease, previous studies have reported evidence of an excess ma-
ternal inheritance of type 2 diabetes and cardiometabolic risk in
offspring compared with the pattern of paternal inheritance [1, 2].

Barker’s hypothesis, focusing on the association of pre-
natal undernutrition with the risk of cardiovascular and met-
abolic disease in adult life, has been corroborated by the
study of individuals exposed to the Dutch famine [3].
More recently, the Developmental Origins of Health and
Disease (DOHaD) hypothesis extended this concept to ma-
ternal overnutrition [4]. A series of elegant studies into the
Pima Indian population strongly supported this hypothesis,
demonstrating the adverse effects of intrauterine exposure
to hyperglycaemia on children’s adiposity and glucose me-
tabolism [5]. One possible mechanism involved in these
hypotheses is that the fetus’s adaptations to malnutrition in
utero to maximise its chances for short-term survival may
sustainably perturb the regulation of energy-balance and
energy-sensing pathways via epigenetic modification,
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leading to the subsequent development of obesity and relat-
ed metabolic disorders in adulthood, which may then be
transmitted into the next generation [6].

With the recent upward shift of maternal weight gain dur-
ing pregnancy, increasing evidence suggests a separate role
for maternal gestational weight gain (GWG) on offspring car-
diometabolic risk (e.g. inadequate and excessive GWG are
considered to reflect undernutrition and overnutrition, respec-
tively). The majority of studies addressing GWG in metabolic
disorders have found a positive association between maternal
GWG and adiposity in offspring [7, 8], although some have
reported a U-shaped relationship [9, 10]. A few studies have
also investigated the effect of GWG on other cardiometabolic
risk factors, including fasting plasma glucose (FPG) and insu-
lin (FPI) levels, HOMA-IR, blood pressure and lipid profile in
childhood [11-13], adolescence [14] and adulthood [15-17].

To help clinicians monitor an appropriate GWG, the
Institute of Medicine (IOM) reviewed the impact of weight
gain during pregnancy on both maternal and fetal outcomes,
and in 2009 established new guidelines for optimal GWG
according to pre-pregnant BMI [18]. The IOM has, however,
recognised that more research is required to study the role of
maternal GWG in long-term health in the offspring.

By using follow-up data on mother—child pairs from the
multicentre Hyperglycemia and Adverse Pregnancy
Outcome (HAPO) study, procured at the Hong Kong study
centre [19], the current study aimed to examine the relation-
ships between maternal GWG and cardiometabolic risk fac-
tors in offspring, measured at 7 years of age, adjusting for a
number of potential covariates. Birthweight is often used as an
indicator of fetal conditions (e.g. growth and nutrition) in
utero. It has been suggested that the relationship between
birthweight and type 2 diabetes risk is U-shaped, with a higher
prevalence of type 2 diabetes observed in individuals with
either low or high birthweight [20]. We therefore also aimed
to explore this U-shaped association.

Methods

Participants The study methods have been described previ-
ously [19]. At the Hong Kong study centre, the HAPO study
recruited 1667 pregnant women with a singleton pregnancys;
all mothers underwent a 75 g OGTT at 24-32 weeks’ gesta-
tion. Women of non-Chinese ancestry and women with glu-
cose measurements beyond the setting of the HAPO study
were excluded. Eligible participants were invited to attend a
follow-up assessment between 2009 and 2013, when off-
spring were 7 years of age. The follow-up study of the chil-
dren included a questionnaire, clinical examination and bio-
chemical assessments. A total of 905 (58.2%) mother—child
pairs with term pregnancies (>37 weeks) and complete data on
GWG were included for this analysis. The derivation of the

eligible and analysis cohorts is shown in electronic supple-
mentary material (ESM) Fig. 1.

This study was approved by the Clinical Research Ethics
Committee of the Chinese University of Hong Kong.
Research staff explained the study objective and procedures
to both the mother and the child. The children’s parents or
legal guardians, as appropriate, provided written informed
consent.

Exposure variables Maternal weight at delivery was abstracted
by research staff from the medical records. Pre-pregnancy
BMI was calculated as self-reported pre-pregnancy weight
(kg) divided by the square of the measured height (m?). We
defined total GWG as the difference between the mother’s
weight at delivery and her pre-pregnancy weight. Women
were classified as gaining weight ‘below’, ‘within’, or ‘ex-
ceeding’ recommendations, according to their pre-pregnancy
BMI category, on the basis of the 2009 IOM guidelines for
healthy pregnancy weight gain [18].

Within each BMI category, the standardised GWG was

%&mm where: GWG;; was the individual’s
GWG (; refers to the BMI categories and ; refers to each
individual); mean; was the mid-point of the range of GWG
recommended by IOM in the ith pre-pregnancy BMI catego-
ry; SD; was (upper; — lower;)/2; and upper; and lower; was the
upper and lower ranges of GWG recommended by IOM in the
ith pre-pregnancy BMI category, respectively. For example,
given that the recommended range of GWG in the ‘under-
weight’ group is from 12.5 to 18 kg, mean; = (18 + 12.5)/
2=15.25 kg, and SD; = (18-12.5)/2=2.75 kg.

computed as

Outcome variables Anthropometric indices including body
weight, body height, waist and hip circumference, and biceps,
triceps, subscapular and iliac skinfold thicknesses were mea-
sured. BMI was calculated as weight/height®. The sum of
skinfold thickness was calculated as the sum of the biceps,
triceps, subscapular and iliac skinfold thicknesses. Systolic
and diastolic blood pressure (SBP and DBP) were measured
in triplicate, and the mean readings were used. SBP and DBP
for age-, sex-, and height-specific percentiles were computed
based on data released from the National High Blood Pressure
Education Program Working Group on High Blood Pressure
in Children and Adolescents [21].

Participants were examined in the morning after an over-
night fast. All individuals underwent an OGTT with a glucose
load of 1.75 g/kg body weight or a full 75 g glucose load if
they weighed >42.8 kg (i.e. 1.75 g/kg x42.8 kg, which ap-
proximated to 75 g), with blood taken at 0, 15, 30, 60 and
120 min to measure plasma glucose and insulin levels. Plasma
glucose was measured by the hexokinase method, using an
automated analyser (Hitachi 911; Boehringer Mannheim,
Mannheim, Germany). Plasma insulin was analysed using
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an immunoassay analyser (Immulite 1000 Immunoassay
System; Siemens, Munich, Germany). Fasting blood samples
were also collected to measure lipid profile. AUCs for glucose
(AUCy,) and insulin (AUC;y) during the OGTT at 0-120 min
were calculated using the trapezoid rule.

Insulin sensitivity was determined using the HOMA-IR,
calculated as (FPI x FPG) + 22.5 [22], and the insulin sensi-
tivity index (IST), estimated as 10,000 + square root of [FPI x
FPG % (mean glucose during OGTT) x (mean insulin during
OGTT)] [23]. Beta cell function was assessed using
HOMA-f3, calculated as FPI x 20 + (FPG —3.5) [22]. The
insulinogenic index (IGI) was calculated as (insulin during
OGTT at 30 min — 0 min) + (glucose during OGTT at 30 min
— 0 min) [24], and pancreatic beta cell function was calculated
as AUC;,s + AUCyy, [25].

Statistical analysis All analyses were performed using either
SPSS for Windows v22 (SPSS, IBM, Chicago, IL, USA) or R
2.15.1 (www.r-project.org/). p<0.05 was considered
statistically significant. Data are presented as percentage (n),
mean + SD, or median (Q1-Q3). Comparison between IOM
categories of GWG was performed by x? test, one-way
ANOVA or Kruskal-Wallis test, as appropriate.

Each normally distributed trait was winsorised by replacing
any data value above the mean plus 4 SD of the sample data
by the mean plus 4 SD, and any value below the mean minus 4
SD by the mean minus 4 SD. A total of 0.5% of the data were
replaced. All traits were then adjusted for covariates using
linear regression as follows: model 1—child’s sex, age and/
or height as appropriate; model 2—model 1 + family history
(maternal pre-pregnant BMI and/or maternal current hyper-
tensive status and/or maternal and paternal current diabetes
status, as appropriate); model 3—model 2 + environmental
factors during prenatal (parity, maternal age, AUCy, during
pregnancy, mode of delivery [spontaneous, low forceps/vacu-
um, mid-forceps/vacuum, assisted/spontaneous breech, total
breech, internal version/breech, primary Caesarean section
or repeat Caesarean section] and gestational age at delivery)
and postnatal periods (history of breastfeeding and childhood
exercise level); model 4—model 3 + birthweight; and model
5—model 4 + childhood BMI. Individuals with missing data
points for any variables included in the linear regression mod-
el were removed from the analysis. A mean of 3.9% of indi-
viduals were excluded in each regression analysis. The
resulting residuals were transformed to a z score for normally
distributed traits, and transformed to approximate normality
using an inverse standard normal function for the skewed
traits.

In the primary analysis, associations between IOM recom-
mendations for GWG and transformed cardiometabolic risk
factors during childhood were tested using a linear regression
model. Two dummy variables were used to code for the GWG
categories, ‘GWG below IOM recommendation’ and ‘GWG
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exceeding IOM recommendation’. Each group was compared
with the reference group ‘GWG within IOM recommenda-
tion’. To investigate for non-linear associations, both linear
and quadratic terms of standardised GWG were included in
the regression model. The significant p values obtained from
the regression analyses for various cardiometabolic traits are
presented as a range, between the lowest and highest values
among all traits. The following terminology is used for
p values: ppeiow, the p value for the comparison of GWG
below the IOM recommendations with GWG within the
IOM recommendations; pexceeding> the p value for the
comparison of GWG exceeding the IOM recommendations
with GWG within the IOM recommendations; pjiear and
Pquadratic» the p values of the linear and quadratic terms
respectively, obtained from linear regression analyses.

Results

Cohort description The characteristics of the women and new-
born offspring included in this analysis are listed in ESM
Table 1. Among the 905 mothers, the mean pre-pregnancy
BMI was 20.9+2.9 kg/m?, and the prevalence of women
who were overweight or obese was 8.3%. The mean weight
change from pre-pregnancy to delivery was 15.2+4.36 kg,
with 17.2% having gained weight below, 41.8% weight within
and 41.0% weight exceeding the IOM recommendations. The
proportions of women who gained insufficient, adequate and
excessive weight differed between pre-pregnancy BMI cate-
gories (p = 1.4 x 10°°). In general, women who gained exces-
sive weight during pregnancy were younger and had longer
gestational periods, a higher primary Caesarean delivery rate
and a greater BMI before pregnancy, at delivery and at 7 years
after delivery. Offspring born to mothers with excessive GWG
were heavier and longer, showed greater adiposity and had
higher umbilical cord blood C-peptide concentrations at birth.

IOM categories of GWG and childhood cardiometabolic risk
With adjustments for children’s sex, age and/or height, the
offspring of mothers who gained excessive weight during
pregnancy had a larger body size (greater height and weight),
greater BMI, waist circumference and hip circumference, and
higher blood pressure (higher DBP, SBP and DBP percen-
tiles), FPI, 2 h insulin and AUC;,,, were more insulin resistant
(higher HOMA-IR and lower Matsuda ISI) and showed a
greater insulin response (higher HOMA-{3 and IGI, and in-
creased pancreatic beta cell function) than the offspring of
mothers who achieved the weight gain target during pregnan-
cy (4.6 10°° <p<0.0390; model 1 in Table 1; see also ESM
Table 2 [model 1] and Fig. 1). Moreover, women with GWG
below the IOM recommendations had children with higher
DBP percentiles, AUC;,, and pancreatic beta cell function,
and a lower Matsuda ISI, than women whose GWG was
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Fig. 1 (a) Plasma glucose and (b) insulin concentrations at 0, 15, 30, 60
and 120 min during the OGTTSs, stratified by IOM recommendations of
GWG categories. Data are presented as mean = SD and median =+ absolute
median deviation for glucose and insulin concentration, respectively, ac-
cording to the time intervals. Black triangles with dotted line, group
below recommendations; black circles with solid line, group within rec-
ommendations; black squares with dashed line, group exceeding recom-
mendations. *p <0.05 for the association across the IOM categories at
each time point, with adjustments for children’s sex and age (ANOVA)

within the IOM recommendations (7.9 x 10> < p<0.0477)
(model 1 in Table 1; see also model 1 in ESM Table 2).
Most of these associations were independent of other covari-
ates, including maternal pre-pregnancy BMI, family histories
of hypertension and diabetes in model 2, perinatal and child-
hood environmental factors in model 3, as well as birthweight
in model 4 (Table 1). We still found significant associations
between excessive GWG and body size (height and weight),
adiposity traits (BMI, waist circumference and hip circumfer-
ence), blood pressure (DBP and DBP percentiles), insulin
levels (FPI, 2 h insulin and AUC;), insulin sensitivity
(Matsuda ISI) and beta cell function (HOMA-3, IGI and
pancreatic beta cell function) (pexceeding < 0.05), although the
association of GWG with HOMA-IR and SBP percentile was
no longer significant in models 2—4 (pexceeding > 0.05)
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(Table 1). On the other hand, the association of inadequate
GWG with DBP percentile (0.0279 < ppejow < 0.0407) and
pancreatic beta cell function (0.0184 < ppejow < 0.0538) was
marginally significant, while its association with AUC;,s (p-
below = 0.0158, 0.0356, 0.0830 and 0.1357 in models 1, 2, 3
and 4, respectively) and Matsuda ISI (ppejow = 0.0477, 0.0778,
0.1184 and 0.1573 in models 1, 2, 3 and 4, respectively) were
slightly mitigated in models 2—4 (Table 1). However, the ob-
served associations for both excessive and inadequate GWG
in models 1-4 were notably attenuated when conditional on
childhood BMI (model 5 in Table 1).

Standardised GWG and childhood cardiometabolic risk To
explore the non-linear/quadratic relationship between mater-
nal GWG and childhood cardiometabolic traits, analyses were
repeated using the standardised GWG. In model 1 with ad-
justments for children’s sex, age and/or height, there was a U-
shaped relationship between standardised GWG and adverse
cardiometabolic risk profile in the offspring, with higher
weight, hip circumference, blood pressure (DBP and DBP
percentile) and AUC;,, increased risks of insulin resistance
(Matsuda ISI) and an enhanced insulin response (pancreatic
beta cell function) in the children of women with either more
or less weight gain than recommended during pregnancy
(1.4x107°< Pquadratic < 0.0282) (model 1 in Table 2; see also
model 1 in ESM Table 3 and ESM Fig. 2). Further adjustments
for maternal pre-pregnancy BMI, family histories of hyperten-
sion and diabetes, perinatal and childhood environmental fac-
tors, and children’s birthweight in models 2—4 attenuated, but
did not eliminate, the quadratic associations for DBP (p-
quadratic = 0.0109, 0.0422, 0.0720 and 0.0808 in models 1, 2,
3 and 4, respectively), DBP percentile (pquadratic = 6.4 % 1073,
0.0254, 0.0417 and 0.0477 in models 1, 2, 3 and 4, respec-
tively), AUCiys (Pquadratic = 1.4 % 1073, 0.0173, 0.0312 and
0.0381 in models 1, 2, 3 and 4, respectively), pancreatic beta
cell function (Pquadratic =3.7 % 1073, 0.0302, 0.0455 and
0.0469 in models 1, 2, 3 and 4, respectively) and Matsuda
ISI (Pquadratic = 4.9 1073, 0.0401, 0.0462 and 0.0454 in
models 1, 2, 3 and 4, respectively). In addition, we observed
a positive linear relationship for weight (7.5 x 10 < Plincar <
0.0224 and pguadratic > 0.05) and hip circumference (5.8 x
10°< Dlincar < 0.0573 and pguadratic > 0.05) in models 2—4
(Table 2). Only the association between standardised GWG
and DBP percentile remained significant after adjusting for
childhood BMI (model 5 in Table 2).

Discussion

Accumulating evidence suggests that adiposity and related
cardiometabolic risk factors in the offspring are influenced
by maternal weight gain during pregnancy. Using the
follow-up data of 905 mother—child pairs from the HAPO
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study, we extended observations from earlier studies by (1)
examining both linear and non-linear associations between
maternal GWG and cardiometabolic risk factors in offspring
aged 7 years, and (2) including data from OGTTs. To achieve
a better understanding of the causal pathways, we have also
systematically considered the potential confounding effects of
the clinical risk factors in these relationships.

Consistent with the majority of previous studies conduct-
ed in infancy [8], early childhood [7, 11, 13] and adulthood
[15-17], we confirm that maternal GWG was positively
associated with body size and adiposity in offspring aged
7 years. These associations were also found to be indepen-
dent of maternal pre-pregnancy BMI, shared familial genet-
ics and environment, and environmental factors during the
prenatal, perinatal and postnatal periods. Two recent studies
investigated the association between pregnancy weight gain
and childhood body composition assessed by dual x-ray
absorptiometry (DXA) but the available evidence is incon-
clusive [9, 26]. Skinfold thickness, which is widely mea-
sured in children, has been suggested as a simple means of
estimating body composition. In Project Viva, which in-
cluded 1044 mother—child pairs, Oken et al reported an in-
crease in the sum of skinfold thickness in the offspring at
3 years of age, along with an increase in maternal GWG
[13]. However, we did not observe such association in the
present study (Pexceeding = 0.0706) (model 1 in Table 1).

Several studies revealed that in utero exposure to exces-
sive GWG predicts obesity-related cardiometabolic risk
factors in both childhood [11, 13] and adulthood [15-17].
However, the existing body of literature is small and in-
consistent. There are few data exploring the links between
maternal GWG and insulin sensitivity and beta cell func-
tion in the offspring. In this context, we have obtained
novel insights through examining the associations for in-
sulin action and response indices calculated using OGTT
data at the follow-up visit. One of the most important find-
ings from this study was that, independently of maternal
pre-pregnancy obesity and glucose level during pregnancy,
maternal GWG had a U-shaped relationship with increased
odds of childhood insulin resistance and hypertension,
with higher DBP levels, greater AUC;,s and pancreatic
beta cell function, and a lower Matsuda ISI in the children
whose mothers gained more or less weight than recom-
mended during pregnancy. The observed association for
increased pancreatic beta cell function and reduced insulin
sensitivity may reflect an initial compensation by beta cells
for the obesity-induced insulin resistance, by increasing
insulin secretion [27]. Similar to previous reports [11,
15-17], adjustment for childhood BMI appreciably alters
these relationships.

In support of our findings, several research groups have
illustrated a positive association between weight gain during
pregnancy and both SBP and DBP in children [10, 11] and

@ Springer

adults [16, 17], whereas others did not make similar obser-
vations [14, 15]. Two studies further examined the impact of
maternal GWG on insulin resistance in the offspring
assessed by HOMA-IR and found no evidence of associa-
tion [12, 17], although Hrolfsdottir et al observed a signifi-
cant association in male offspring [17]. Interestingly, none of
the studies reported a U-shaped relationship between GWG
and obesity-related cardiometabolic risk factors [11-13,
15-17]. The discordant findings may have arisen from the
method used to calculate the total weight gain during preg-
nancy. As it was not always possible to obtain information
on maternal weight just before conception or at delivery, the
duration of the specified period for assessing GWG varies
among studies. Using dynamic 5-point measurements of glu-
cose and insulin levels during the OGTTs in this study rather
than using basal measurement alone should provide a more
comprehensive assessment of beta cell function and insulin
sensitivity. Furthermore, the different ages of offspring par-
ticipants between studies may also account for variation in
findings. Larger studies are warranted to confirm the U-
shaped relationship.

One potential mechanism accounting for our observed
associations between GWG and cardiometabolic outcomes
in the offspring is the role of shared familial genes and be-
haviours (e.g. diet, physical activity and socioeconomic sta-
tus); for example, offspring may inherit their mother’s ge-
netic potential to gain weight. Moreover, mothers and chil-
dren may share obesogenic dietary patterns (e.g. a prefer-
ence for fatty food) and lifestyle habits (e.g. lower levels of
physical activity), particularly in early childhood [28],
which may link greater maternal GWG with unfavourable
outcomes in the offspring in later life. To take into account
the factor of shared genes and behaviours, we have
attempted to statistically adjust for maternal pre-pregnancy
BMI, family histories of hypertension and diabetes, and
characteristics reflecting the early and childhood environ-
ments. Most of the associations between GWG and child-
hood cardiometabolic risk were slightly attenuated but
remained statistically significant, suggesting that these as-
sociations were not mainly driven by shared familial char-
acteristics in our study. These findings point towards an
alternative mechanism, implicating the potential effect of
intrauterine environment.

There is increasing recognition of the potential metabolic
impact of maternal adiposity, suggesting that high maternal
plasma concentrations of glucose, NEFA and amino acids
result in a sustained modulation of appetite control, neuro-
endocrine functioning or energy metabolism in the devel-
oping fetus. The fetus may thus become more vulnerable to
an obesogenic environment, leading to adiposity and related
cardiometabolic diseases in later life. Human studies of in-
dividuals undergoing bariatric surgery highlighted the im-
pact of intrauterine environment on health outcomes in the
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offspring. A study that included 49 mothers and their 111
children aged 2.5-26 years demonstrated that offspring
born after maternal biliopancreatic diversion bariatric sur-
gery had a markedly lower prevalence of macrosomia, a
reduced risk of severe obesity, greater insulin sensitivity
and improved lipid profiles in adolescence, compared with
their siblings born prior to the surgery [29]. In addition,
Shankar et al developed a model of maternal obesity in rats
based on overfeeding that allowed for a comparison in ge-
netically identical individuals of the association between
exposure to maternal obesity in utero and risk of obesity in
the offspring. Shankar et al’s findings confirmed that mater-
nal obesity at conception programmes lifelong obesity in
the offspring [30]. Notably, our findings suggest that the
effect of maternal GWG on childhood cardiometabolic risk
is not confined to the upper and lower extremes of GWG,
but rather this relationship is a U-shaped continuum.
Contrary to the tenets of Barker’s hypothesis, which focuses
on extreme prenatal challenges as being crucial to the dis-
ease pathway, a new global landscape of disease is emerging
in which the relationship between developmental environ-
ment and disease risk is a U-shaped continuum within the
physiological range [31]. It also suggests that subtle varia-
tions in prenatal experience (e.g. maternal nutrition) might
affect the risk of disease, and this effect can be amplified at
all levels by a plentiful environment (e.g. unhealthy diet and
lifestyle) in adulthood [31]. The lowest risk of disease oc-
curs when both developmental and adult environments are
optimal.

The current study has unique strengths. Our mother—child
cohort was prospectively designed, with comprehensive clin-
ical assessments of childhood cardiometabolic risk factors in-
cluding glucose and insulin levels during OGTTs. The avail-
ability of detailed measures collected in early life and child-
hood permitted meaningful and stepwise adjustment for a
large number of potential confounders. Owing to the design
of the HAPO study, the mothers and their doctors were
blinded to the OGTT results and hence did not receive any
dietary or medical treatment for hyperglycaemia during preg-
nancy, which would have confounded similar analyses in oth-
er studies.

There are, however, several limitations of the study. First,
pre-pregnancy weight was self-reported by the mothers, and
thus the estimation of GWG may be inaccurate. We noted that
there was a strong correlation between the self-reported pre-
pregnancy weight and the weights measured at the pregnancy
OGTT visits (% =0.899), supporting the validity of the self-
reported data. Second, the IOM recommendations for GWG
were developed in a cohort consisting largely of healthy white
women, and used the standard BMI thresholds to define the
categories of GWG. As adults in Asia have different BMI
classification thresholds for overweight and obesity, further
studies with sufficiently large sample sizes are required to

determine the optimal GWG for Asian populations. Third,
41.8% (n=697) of participants were non-eligible, declined
the follow-up visit or were not contactable. Compared with
children who attended the follow-up visit, we found no evi-
dence of discrepancy in the distributions of GWG between
two groups (ESM Table 4). Therefore, the observed associa-
tions are unlikely to be due to selection bias. Fourth, our find-
ings were restricted to individuals of Chinese ancestry and
children aged 6-8 years, with limited generalisability. Last,
we were not able to explore the associations using GWG at
different stages of pregnancy because repeated measures of
maternal weight were not recorded in this study.

In conclusion, we found evidence of linkage between
GWG and several cardiometabolic risk factors in the oft-
spring aged 7 years, independent of maternal BMI prior to
pregnancy and glucose levels during pregnancy. These find-
ings have important implications for prevention and treat-
ment. Pregnancy may be a potential window of opportunity
for intervention through modifiable behaviours, including
maternal nutrition and physical activity. Although limiting
excessive GWG may help minimise the intergenerational
cycle of obesity, the benefits of lower weight gain must be
balanced against other cardiometabolic risks (e.g. hyperten-
sion and insulin resistance) and risk of stunted growth in the
offspring if maternal GWG is inadequate. Finally, long-term
follow-up of these children is necessary to evaluate the ef-
fect of maternal GWG on cardiometabolic risk in adoles-
cence and adulthood.
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