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ABSTRACT
Background: Maternal metabolic abnormalities have been related to
offspring obesity especially during childhood.
Objectives: We analyzed whether the gestational diabetes mellitus
(GDM)-associated melatonin receptor 1B (MTNR1B)genotype of
mothers modified the relation between maternal gestational weight
gain and childhood obesity.
Methods: A total of 1114 Chinese mother-child pairs (mothers
with or without prior GDM) were included. Mothers’ MTNR1B
rs10830962 genotype and gestational weight gain were assessed. In-
dicators of childhood obesity included BMI-for-age z-score, weight-
for-age z-score, waist circumference, and body fat. Childhood
overweight and obesity were also analyzed.
Results: We found that the maternal MTNR1B genotype significantly
interacted with gestational weight gain on indicators of offspring’s
obesity (all P for interaction < 0.05). After multivariable adjustment,
BMI-for-age z-scores associated with 1-kg gestational weight gain
were 0.009 (SE 0.018), 0.026 (SE 0.010), and 0.061 (SE 0.010)
in children with the maternal MTNR1B genotype CC, CG, and
GG, respectively (P-interaction = 0.012). Similar interactions were
observed for weight-for-age z-score, waist circumference, and body
fat (P-interaction = 0.001, 0.003, and 0.012, respectively). The
associations remained consistently significant in women with and
without GDM. We also found significant interactions between the
maternal MTNR1B genotype and gestational weight gain on the
offspring’s childhood overweight and obesity (P-interaction = 0.005
and 0.026, respectively).
Conclusions: The maternal MTNR1B genotype might interact with
gestational weight gain on offspring’s obesity risk during childhood.
Am J Clin Nutr 2020;111:360–368.
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Introduction
Childhood obesity has become a major public health problem

globally. In 2015, 107.7 million children were obese world-

wide, corresponding to a worldwide prevalence of childhood
overweight and obesity of 23% (1). Moreover, 70% of obese
adolescents become obese adults (2). Childhood obesity is
associated with markedly increased risks for a variety of
cardiometabolic disorders during both childhood and adulthood
(1, 3).

Prenatal exposure to maternal metabolic abnormalities con-
tributes to the vicious intergenerational cycle of metabolic
disorders, and is among the leading risk factors for obesity in
offspring especially during childhood (4). Excessive weight gain
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during pregnancy has been associated with offspring obesity
(5). Women with gestational diabetes mellitus (GDM) are more
likely to gain excess body weight during pregnancy (6, 7). A
recent genome-wide association study identified a variant in the
melatonin receptor 1B (MTNR1B) gene associated with GDM
in East Asian women (8). In our previous analysis, we found
that the MTNR1B genotype interacted with gestational weight
gain on postpartum glycemic changes in Chinese women with
a history of GDM (9). We hypothesized that the association
of gestational weight gain with offspring’s adiposity measures
including weight, BMI, body fat, waist circumference, and
obesity risk might differ according to the maternal MTNR1B
genotype.

In the current study, by taking advantage of comprehensive
information collected from 1114 mother-child pairs, we inves-
tigated the interactions between weight gain during pregnancy
and maternal MTNR1B rs10830962 genotype on indicators of
offspring’s obesity during childhood, including weight, BMI,
body fat, and waist circumference.

Methods

Study population

We conducted the study in 1114 mother-child pairs (560
GDM and 554 non-GDM mother-child pairs) in Tianjin, China.
The GDM mothers came from the Tianjin Gestational Diabetes
Mellitus Prevention Program (10, 11), screening for GDM
women in 6 urban districts of Tianjin, China, launched by
the Tianjin Women’s and Children’s Health Center from 1999.
A total of 76,325 pregnant women were screened from 2005
to 2009, among whom 4644 women were diagnosed with
GDM according to the 1999 WHO criteria (12). In the GDM
diagnosis, we used a 2-step-approach. First, all pregnant women
at 26–30 gestational weeks participated in a 1-h 50-g glucose
screening test. Second, women with a glucose concentration
≥7.8 mmol/L were referred to take a 75-g 2-h oral-glucose-
tolerance test (OGTT) at the Tianjin Women’s and Children’s
Health Center. Women with either diabetes (fasting glucose
≥7mmol/L or 2-h glucose ≥11.1mmol/L) or impaired glucose
tolerance (2-h glucose ≥7.8 and <11.1mmol/L) in the 75-g
glucose 2-h OGTT result were regarded as having GDM. Then,
all 4,644 women with GDM were invited to participate in
the Tianjin Gestational Diabetes Mellitus Prevention Program.
During August 2009 to July 2011, 1,263 women with prior
GDM returned and finished the baseline survey. Between the
returned and unreturned GDM women, there were no differences
at 26–30 gestational weeks’ OGTT in age (28.9 compared with
28.7 y), 2-h glucose (9.23 compared with 9.16 mmol/L), fasting
glucose (5.34 compared with 5.34 mmolLl), or the prevalence
of impaired glucose tolerance (90.9% compared with 91.8%),
and diabetes (9.1% compared with 8.2%) (13). After excluding
83 newly diagnosed women with type 2 diabetes, the remaining
1180 women with prior GDM attended the Tianjin Gestational
Diabetes Mellitus Prevention Program. The details have been
described previously (13, 14). We randomly selected 578 GDM
mother-child pairs who finished the year 1 or 2 follow-up
survey and also had blood samples as the GDM case group.
No differences at baseline age (32.3 compared with 32.4 y),
BMI (23.9 compared with 24.0 kg/m2), fasting glucose (5.21

compared with 5.23 mmol/L), and 2-h glucose (6.57 compared
with 6.59 mmol/L) were found between GDM women who
were selected and those not selected as the case group. We
simultaneously and randomly recruited 578 non-GDM mother–
child pairs from 71,681 non-GDM women who finished the GDM
screening at the same period with age and sex frequency-matched
to 578 children of GDM mothers. The clinical examination’s
procedure, items, and timing for non-GDM mother-child pairs
were almost the same as the GDM mother-child pairs (Figure
1). In total, 1114 mother-child pairs (560 GDM and 554 non-
GDM) with gene data available were included in the final
analysis (Figure 1). This study was approved by the Human
Subjects Committee of Tianjin Women’s and Children’s Health
Center, and written informed consent from each participant
was obtained. The study protocol was also approved by the
Institutional Review Board of Pennington Biomedical Research
Center.

Assessment of mother’s weight changes and covariates

At the baseline survey, all mothers filled in the ques-
tionnaire. The questionnaire inquired about sociodemographic
characteristics including age, education, family income, marital
status, and occupation; pregnancy outcomes [gestational age,
number of childbirth, prepregnancy weight, weight gain during
pregnancy, self-reported hypertensive disorders of pregnancy,
history of GDM (values of fasting and 2-h glucose in the 26–
30 gestational weeks’ OGTT), and the treatment of GDM during
the pregnancy]; and lifestyle in the past year (smoking habits and
physical activity).

Using the standardized protocol, GDM and non-GDM
mothers’ height at baseline was measured without shoes by
specially trained research doctors. All mothers’ prepregnancy
BMIs were calculated by their self-reported prepregnancy weight
and measured height. Gestational weight gain was categorized
as inadequate, adequate, and excessive by 2009 Institute of
Medicine guidelines (15). Adequate gestational weight gain was
defined according to prepregnancy BMI as follows: 12.5–18
kg if prepregnancy BMI <18.5; 11.5–16 kg if prepregnancy
BMI = 18.5–24.9; 7–11.5 kg if prepregnancy BMI = 25.0–29.9;
and 5–9 kg if prepregnancy BMI ≥30. Gestational weight gain
below or above the recommendation was defined as inadequate
or excessive, respectively.

Assessment of children’s indicators of obesity and covariates

Children’s information was obtained by another questionnaire
completed by their mothers, such as children’s general informa-
tion, including age, sex, birth date, birth length, birth weight,
infant feeding patterns, and lactation duration; routine activities
(physical activities and sleep duration); dietary habits and history
of diseases.

Children’s body weight and height were examined in the
study visit. Body weight was measured with a beam balance
scale to the nearest 0.1 kg, and height by a stadiometer to the
nearest 0.1 cm. BMI was calculated the same as for mothers.
In addition, we measured the waist circumference and body fat.
Waist circumference was measured midway between the 10th rib
and the top of the iliac crest to the nearest 0.1 cm. Body fat was
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FIGURE 1 Flow chart. GDM, gestational diabetes mellitus; GWAS, genome-wide association studies.

measured by a body composition analyzer (InBody Co, Ltd) to
the nearest 0.1%.

We used WHO growth standards to calculate children’s
weight-for-age z-scores and BMI-for-age z-scores, which are
gender-independent classification systems, representing equiv-
alent weight per BMI-for-age percentile based on the WHO
standards (16). The indicators of childhood obesity, including
weight-for-age z-score, BMI-for-age z-score, waist circumfer-
ence, and body fat percentage, were our primary outcomes.
We defined children’s overweight and obesity according to the
WHO age- and gender-specific growth standards (16): normal
weight was defined as a BMI <85th percentile (z-score <1.035),
overweight as a BMI between the 85th and 95th percentiles
(1.035 ≤ z-score < 1.645), and obesity as a BMI >95th percentile

(z-score ≥1.645). Children’s overweight and obesity status were
our secondary outcomes.

Genotyping

Genomic DNA was extracted from the buffy coat fraction of
centrifuged blood using 4ºC, 3000rpm for 15 min,a QIAamp
Blood Maxi Kit (Qiagen). The MTNR1B single nucleotide
polymorphism (SNP) rs10830962 was genotyped by quantitative
real-time TaqMan PCR (Applied Biosystems). The genotyping
success rate was >98%. For quality control, 10% of the samples
were genotyped and the concordance rate was >99%. The allele
frequency of the SNPs was in Hardy–Weinberg equilibrium (P >

0.05).
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Statistical analysis

We used chi-square test for categorical variables to compare
proportions. General linear models were applied for continuous
variables to compare means of characteristics by gestational
weight gain categories (inadequate, adequate, and excessive).
Indicators of offspring’s childhood obesity associated with
gestational weight gain by each additional copy of the MTNR1B
rs10830962 G allele were estimated by using general linear
models, and offspring’s overweight and obesity status were
examined by using multivariate logistic regression models. We
included the following covariates in the multivariate models:
1) Model 1: children’s age, sex, birth weight, maternal age at
pregnancy, history of GDM, gestational age at delivery, maternal
prepregnancy BMI. For weight-for-age z-score and BMI-for-
age z-score, which were calculated based on sex- and age-
specific standards, children’s age and sex were excluded in
the adjustment. 2) Model 2: Model 1 plus maternal lifestyle,
socioeconomic and other related factors: smoking status (no,
past, current), marital status, education (secondary school, senior
high school, bachelor, master), family monthly income (<5000,
5000–8000, ≥8000 yuan), occupation of mother (farmer/worker,
office worker, service professional worker, unemployed person,
and other), hypertensive disorders of pregnancy, number of
fetal childbirths, treatment of GDM (none, insulin, lifestyle
control). 3) Model 3: Model 2 plus children’s variables: feeding
patterns (exclusive breast feeding, mixed breast and formula
feeding, and exclusive formula feeding), lactation duration,
outdoor physical activity time, sleeping time, vegetable intake
frequency, fruit intake frequency, history of disease in recent 3 mo
(no, yes).

The interaction between gestational weight gain and MTNR1B
rs10830962 genotype was tested by the introduction of a
product term for these variables in the model. We examined the
multivariable-adjusted mean values of indicators of children’s
obesity according to gestational weight gain and the MTNR1B
rs10830962 genotype by using general linear models. We also
tested the multicolinearity between variables included in the
multivariate models, and results showed that all the variance
inflation factors were <2, indicating no issue of multicolinearity.
In addition, we performed stratified analyses by GDM status
to explore the modification effect of maternal GDM status on
such associations. In sensitivity analysis, we further adjusted for
children’s BMI to assess whether the genetic associations with
childhood waist circumference and body fat were independent of
childhood BMI. The missing rates of covariates in this study were
low, ranging from 0.1% to 1.4%. So our analyses were conducted
using the complete data, consistent with our previous studies. P
values were 2-sided and P < 0.05 was considered statistically
significant. Statistical analyses were performed in SAS version
9.4 (SAS Institute).

Results

Baseline characteristics about mother–child pairs

The characteristics of mother–child pairs in the Tianjin Study
according to maternal gestational weight gain are presented
in Table 1. Compared with women with inadequate gestational

weight gain, women with excessive gestational weight gain
were younger, and had a higher prepregnancy BMI and lower
education level after adjusting for age (all P < 0.05). Compared
with children born to women who had adequate gestational
weight gain, children born to women who had excessive
gestational weight gain exhibited higher birth weight and higher
body weight, height, BMI, body fat, waist circumference, BMI-
for-age z-scores, and weight-for-age z-scores, after adjustment for
children’s age; whereas children born to women with inadequate
gestational weight gain showed lower values in these measures
(all P < 0.0001). The frequency of MTNR1B rs10830962
genotype in the children was not different among the 3 categories
of maternal gestational weight gain. No other differences in
characteristics across the categories of maternal gestational
weight gain were observed.

Associations of maternal MTNR1B genotype with offspring
childhood obesity-related outcomes

We examined the association of maternal gestational weight
gain with indicators of offspring’s childhood obesity according to
the MTNR1B genotype using 3 models (Table 2). We found that
maternal gestational weight gain significantly interacted with the
maternal MTNR1B genotype on indicators of offspring’s obesity
(all P-interaction <0 0.05). After full adjustment (Model 3),
childhood weight-for-age z-scores associated with 1-kg maternal
gestational weight gain were 0.004 (SE 0.016), 0.021 (SE 0.009),
and 0.063 (SE 0.009) in mothers with the CC, CG, and GG geno-
types, respectively (P-interaction = 0.001). Each 1-kg maternal
gestational weight gain was associated with childhood BMI-for-
age z-scores of 0.009 (SE 0.018), 0.026 (SE 0.010), and 0.061
(SE 0.010) across the CC, CG, and GG genotypes, respectively
(P-interaction = 0.012). Other indicators of waist circumference
(centimeters) and body fat percentage were 0.017 (0.077), 0.106
(SE 0.044), and 0.263 (SE 0.047), and 0.064 (SE 0.117), 0.134
(SE 0.060), and 0.373 (SE 0.059) across rs10830962 genotypes
CC, CG, and GG, respectively (P-interaction = 0.003 and
0.012, respectively). In addition, we found significant interactions
between the maternal MTNR1B genotype and gestational weight
gain on childhood overweight (P-interaction = 0.005), and
obesity (P-interaction = 0.026) (Supplementary Figure 1).
After further adjustment for children’s BMI, childhood waist
circumference associated with each1-kg maternal gestational
weight gain were −0.02 (SE 0.04), 0.02 (SE 0.02), and 0.05
(SE 0.03) in mothers with the CC, CG and GG genotypes,
respectively (P-interaction = 0.016). The corresponding body fat
associated with each 1-kg maternal gestational weight gain were
0.009 (SE 0.065), 0.021 (SE 0.029), and 0.113 (SE 0.035) (P-
interaction = 0.157) (data not reported in the table).

Figure 2 shows the predicted indicators of offspring’s child-
hood obesity with maternal gestational weight gain (per 1 kg) by
the MTNR1B genotype. Maternal gestational weight gain showed
positive associations with all indicators of offspring’s childhood
obesity; and the associations were stronger among women
carrying the G allele than those without the allele. Maternal
gestational weight gain was associated with greater childhood
BMI-for-age z-scores in women with the MTNR1B rs10830962
GG genotype (β = 0.061; P < 0.0001) than in women with the
CC or CG genotype (β = 0.009, 0.026, respectively; P = 0.601,
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TABLE 1 Characteristics of mother–child pairs in Tianjin Study1

Gestational weight gain

Inadequate
(n = 153)

Adequate
(n = 370)

Excessive
(n = 591) P value2

Maternal characteristics
Maternal age at pregnancy, y 30.6 ± 3.4 30.4 ± 3.2 29.8 ± 3.3 0.002
Gestational age at delivery, wk 39.1 ± 1.4 39.1 ± 1.4 39.1 ± 1.5 0.75
Prepregnancy BMI, kg/m2 21.2 ± 2.2 21.6 ± 2.5 22.7 ± 3.5 <0.001
Current smokers, n (%) 5 (3.3) 8 (2.2) 18 (3.0) 0.86
Treatment of GDM 0.055

None 86 (56.2) 193 (52.2) 348 (58.9)
Insulin 1 (0.7) 9 (2.4) 4 (0.7)
Lifestyle control 66 (43.1) 168 (45.4) 239 (40.4)

Maternal education 0.004
Secondary school 1 (0.7) 7 (1.9) 6 (1.0)
Senior high school 18 (11.8) 36 (9.7) 103 (17.4)
Bachelor 117 (76.5) 276 (74.6) 433 (73.3)
Master 17 (11.1) 51 (13.8) 49 (8.3)

Family income, yuan/mo 0.09
<5000 27 (17.8) 41 (11.4) 100 (17.1)
5000–7999 32 (21.1) 99 (27.4) 151 (25.8)
≥8000 93 (61.2) 221 (61.2) 334 (57.1)

History of GDM, n (%) 77 (50.3) 194 (52.4) 289 (48.9) 0.57
Married, n (%) 151 (98.7) 368 (99.5) 585 (99.0) 0.63
Single pregnancy, n (%) 153 (100.0) 367 (99.2) 578 (97.8) 0.06
Hypertensive disorders of pregnancy, n (%) 3 (2.0) 11 (3.0) 32 (5.4) 0.06
Child characteristics
Age, y 5.9 ± 1.3 5.8 ± 1.2 5.9 ± 1.2 0.71
Female, n (%) 70 (45.8) 182 (49.2) 278 (47.0) 0.72
Birth weight, kg 3.3 ± 0.4 3.4 ± 0.4 3.6 ± 0.5 <0.001
Feeding patterns, n (%) 0.92

Exclusive breast feeding 65 (42.5) 165 (44.6) 251 (42.5)
Mixed breast and formula feeding 65 (42.5) 156 (42.2) 262 (44.4)
Exclusive formula feeding 23 (15.0) 49 (13.2) 77 (13.1)

Lactation duration, mo 4.1 ± 3.6 4.6 ± 3.6 4.4 ± 5.3 0.80
Physical activity, h/d 2.0 ± 0.8 2.2 ± 0.9 2.1 ± 0.9 0.42
Vegetable intake frequency, n (%) 0.38

≤1 time/d 15 (9.8) 24 (6.5) 51 (8.6)
2 times/d 131 (85.6) 333 (90.0) 508 (86.0)
≥3 times/d 7 (4.6) 13 (3.5) 32 (5.4)

Fruit intake frequency, n (%) 0.83
<1 time/d 4 (2.6) 13 (3.5) 21 (3.6)
1 time/d 49 (32.0) 133 (35.9) 214 (36.2)
>3 times/d 100 (65.4) 224 (60.5) 356 (60.2)

Sleeping time, h (%) 3.6 (1.0) 3.6 (0.9) 3.6 (1.0) 0.76
History of disease in recent 3 mo, n (%) 61 (39.9) 144 (38.9) 209 (35.4) 0.41
Weight, kg 20.9 ± 5.0 22.0 ± 6.4 23.5 ± 6.8 <0.001
Height, cm 117.0 ± 9.0 117.5 ± 9.7 119.0 ± 9.6 <0.001
BMI, kg/m2 15.1 ± 1.9 15.7 ± 2.3 16.3 ± 2.6 <0.001
Body fat, % 17.2 ± 6.3 19.3 ± 7.3 21.1 ± 8.2 <0.001
Waist circumference, cm 53.7 ± 5.0 54.9 ± 6.0 56.4 ± 7.0 <0.001
BMI-for-age z-score −0.3 ± 1.2 0.01 ± 1.2 0.4 ± 1.4 <0.001
Weight-for-age z-score 0.07 ± 1.1 0.4 ± 1.1 0.8 ± 1.3 <0.001
Risk allele frequency (GG), % 31.4 30.5 35.0 0.34

1Data are mean ± SD or n (%) as appropriate. GDM, gestational diabetes mellitus.
2P values were calculated by chi-square test for categorical variables and general linear models for continuous variables after adjusting for children’s age

(except age, birth weight, and lactation duration) for children’s characteristics, or maternal age (except maternal age) for maternal characteristics.

0.011, respectively). Maternal gestational weight gain was
also associated with greater childhood weight-for-age z-score,
body fat, and waist circumference in women carrying the GG
genotype.

Stratified analysis by maternal GDM status

In the stratified analysis by maternal GDM status, we observed
that the interactions between maternal gestational weight gain
and the maternal MTNR1B genotype on indicators of offspring’s
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TABLE 2 Indicators of offspring’s childhood obesity with gestational weight gain by MTNR1B rs10830962 genotype1

CC (n = 203) CG (n = 543) GG (n = 368)

β (SE) P β (SE) P β (SE) P P for interaction

Model 12

Weight-for-age z-score − 0.002 (0.015) 0.874 0.026 (0.009) 0.003 0.053 (0.009) <0.0001 0.006
BMI-for-age z-score − 0.0009 (0.016) 0.956 0.029 (0.009) 0.003 0.055 (0.009) <0.0001 0.018
Waist circumference, cm − 0.026 (0.068) 0.704 0.125 (0.041) 0.003 0.237 (0.043) <0.0001 0.005
Body fat percentage 0.003 (0.104) 0.973 0.153 (0.055) 0.006 0.312 (0.055) <0.0001 0.022

Model 23

Weight-for-age z-score 0.001 (0.015) 0.940 0.024 (0.009) 0.009 0.059 (0.009) <0.0001 0.004
BMI-for-age z-score 0.004 (0.016) 0.801 0.027 (0.010) 0.006 0.061 (0.010) <0.0001 0.017
Waist circumference, cm − 0.004 (0.072) 0.952 0.108 (0.043) 0.013 0.259 (0.044) <0.0001 0.005
Body fat percentage 0.039 (0.108) 0.719 0.140 (0.058) 0.016 0.355 (0.016) <0.0001 0.021

Model 34

Weight-for-age z-score 0.004 (0.016) 0.828 0.021 (0.009) 0.023 0.063 (0.009) <0.0001 0.001
BMI-for-age z-score 0.009 (0.018) 0.601 0.026 (0.010) 0.011 0.061 (0.010) <0.0001 0.012
Waist circumference, cm 0.017 (0.077) 0.825 0.106 (0.044) 0.018 0.263 (0.047) <0.0001 0.003
Body fat percentage 0.064 (0.117) 0.583 0.134 (0.060) 0.025 0.373 (0.059) <0.0001 0.012

1The β coefficient (SE)represents children’s traits in obesity trait per 1-kg increment of gestational weight gain. C, cytosine; G, guanine; GDM,
gestational diabetes mellitus; MTNR1B, melatonin receptor 1B; SE standard error.

2Model 1: adjusted for children’s age, sex, birth weight, maternal age at pregnancy, history of GDM, gestational age at delivery, maternal prepregnancy
BMI. For weight-for-age z-score and BMI-for-age z-score, which were calculated based on sex- and age-specific standards, children’s age and sex were
excluded in the adjustment.

3Model 2: Model 1 + maternal lifestyle, socioeconomic and other related factors: smoking status (no, past, current), marital status, education (secondary
school, senior high school, bachelor, master), family monthly income (<5000, 5000–8000, ≥8000 yuan), occupation of mother (farmer/worker, office worker,
service professional worker, unemployed person, and other), hypertensive disorders of pregnancy, number of childbirth, treatment of GDM (none, insulin,
lifestyle control).

4Model 3: Model 2 + children’s variables: feeding patterns (exclusive breast feeding, mixed breast and formula feeding, and exclusive formula feeding),
lactation duration, outdoor physical activity time, sleeping time, vegetable intake frequency, fruit intake frequency, history of disease in recent 3 mo (no, yes).

obesity were consistently significant (all P-interaction < 0.05),
and the interaction patterns appeared to be similar to those
observed in the whole population (Table 3).

Discussion
In this study of 1114 mother-child pairs, we found significant

interactions between the maternal MTNR1B genotype and
gestational weight gain on offspring’s childhood obesity. We
found more pronounced, positive relations between maternal
gestational weight gain and indicators of obesity among children
whose mothers were carrying the more GDM-predisposing
G allele at the MTNR1B locus. The associations remained
consistently significant in women with and without GDM. We
also noted that the major childhood obesity measures such as
BMI-for-age z-score associated with gestational weight gain
showed up to a ∼7-fold difference across the maternal MTNR1B
genotype (7-fold difference is derived by comparing 0.009 and
0.061).

Compelling evidence supports the vicious intergenerational
cycle of metabolic disorders between mothers and their offspring
(17, 18). Numerous studies indicate that maternal gestational
weight gain can affect the offspring’s obesity especially during
childhood (19–21). Previous studies have consistently shown that
women with GDM are affected by excess maternal gestational
weight gain (6, 7). In our earlier analysis, we found that
greater maternal weight gain during pregnancy was related to the
offspring’s enhanced indicators of childhood obesity including

BMI, waist circumference, and body fat, consistent with the
findings from other studies (20, 22, 23).

The variant in the MTNR1B gene, rs10830962, was found
to be associated with the risk of GDM in a recent genome-
wide association study (8). Several studies reported that the
MTNR1B genotype was also related to body weight regulation
among women (24), and associated with BMI and obesity
(25, 26). In the present study, we found that the associations
between indicators of offspring’s childhood obesity and maternal
gestational weight gain were significantly modified by the
maternal MTNR1B genotype. The mechanisms underlying such
modification effects remain unclear. Mothers carrying the GDM-
increasing MTNR1B G allele were found to have elevated fasting
glucose concentrations (8, 27), which might lead to greater
gestational weight gain. Therefore, we assumed that the maternal
MTNR1B variant might act by modifying metabolic status, such
as glucose concentrations, in ways that might modulate the
effects of gestational weight gain on the intrauterine environment,
and subsequently affect the offspring’s metabolic traits such as
body weight (28). Women with the MTNR1B G allele have a
higher risk of hyperglycemia, and increased glucose transfer
to the placenta could lead to higher fetal insulin secretion
and offspring obesity (29–31). In addition, it was found that
the MTNR1B glucose-raising allele was associated with higher
offspring birth weight (28), which is also associated with an
increased risk of obesity during childhood (32, 33). The MTNR1B
gene encodes the melatonin MT2 receptor, and it is well known
that maternal melatonin crosses the placenta and affects fetal
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FIGURE 2 Predicted indicators of offspring’s childhood obesity, according to gestational weight gain (per 1 kg) by the MTNR1B rs10830962
genotype. The slope represents the β coefficient. The β coefficients were: 0.009 (SE 0.018), 0.026 (SE 0.010), and 0.061 (SE 0.010)
for childhood BMI-for-age z-score; 0.004 (SE 0.016), 0.021 (SE 0.009), and 0.063 (SE 0.009) for weight-for-age z-score; 0.017 (0.077),
0.106 (0.044), and 0.263 (0.047) for waist circumference (cm); and 0.064 (SE 0.117), 0.134 (SE 0.060), and 0.373 (SE 0.059) for body
fat percentage, respectively (P-interaction = 0.012, 0.001, 0.003, and 0.012, respectively). Maternal gestational weight gain was significantly
associated with greater childhood BMI-for-age z-scores,weight-for-age z-score, body fat, and waist circumference in women carrying the GG
genotype (all P < 0.0001).C, cytosine; G, guanine; SE, standard error.

growth and maturation, so it is likely that the modified maternal
melatonin secretion pattern could affect the fetus by prolonging
the immediate effects or altering the chronobiotic effects of
melatonin (34).

We also found that maternal MTNR1B genotype modified
the relation of gestational weight gain with offspring’s waist
circumference and body fat, suggesting such interactions might
also affect fat distribution. Limited studies have investigated the
effects of gestational weight gain on offspring’s fat distribution,
such as waist circumference and body fat, and found that
greater gestational weight gain was related to greater waist
circumference and body fat (35, 36). In our previous study, we
found that children born to mothers with a history of GDM
had greater waist circumferences and body fat (14), and the
MTNR1B genotype might influence total body fat composition
(37). Waist circumference has been found to be a better predictor
of cardiometabolic disease in children than BMI (38).

To the best of our knowledge, this is the first study to
assess the interactions between the maternal MTNR1B genotype
and gestational weight gain on childhood obesity. Our study
used a large cohort of GDM mother–child pairs worldwide,
which is the same as the Hyperglycemia and Adverse Pregnancy
Outcome (HAPO) study (39). We directly measured indicators of

childhood obesity including body weight, waist circumference,
and body fat using standardized methods. Moreover, a variety
of potential confounding factors were measured and controlled
in the present study. However, there were several potential
limitations. First, parity might be a potential confounder in the
analyses (40, 41). Because of the 1-child policy in China from
1979 to 2015 (42), only 2.44% of the women included in our
study had more than one parity history (43); therefore, parity
bias less likely affected our results (44). Second, our study
participants were Chinese mother–child pairs, which might limit
the generalizability of our findings to other populations. Third,
we used self-reported data—maternal prepregnancy weight
and gestational weight gain, which might cause recall bias.
However, validation studies have found that mothers’ self-
reported information during pregnancy is highly consistent with
clinical records (45). Fourth, we did not analyze children’s
genotype, which might partly explain the observed associations
due to the potential correlations with mothers’ genotypes.
Future studies would consider children’s genotypes in the
analyses.

In conclusion, we found that the maternal GDM-predisposing
variant at the MTNR1B locus significantly interacted with
gestational weight gain on offspring’s childhood obesity, and
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TABLE 3 Association of offspring’s childhood obesity-related quantitative traits with gestational weight gain by MTNR1B rs10830962 genotype–stratified
maternal GDM status1

CC (n = 203) CG (n = 543) GG (n = 368)

β (SE) P β (SE) P β (SE) P P for interaction2

Non-GDM mothers (n = 554)
Weight-for-age z-score 0.008 (0.023) 0.712 0.027 (0.013) 0.032 0.061 (0.012) <0.0001 0.022
BMI-for-age z-score − 0.004 (0.026) 0.885 0.032 (0.014) 0.023 0.057 (0.013) <0.0001 0.044
Waist circumference, cm − 0.038 (0.100) 0.708 0.082 (0.060) 0.176 0.221 (0.055) <0.0001 0.034
Body fat percentage 0.070 (0.179) 0.697 0.165 (0.081) 0.043 0.303 (0.075) <0.0001 0.015
GDM mothers (n = 560)
Weight-for-age z-score − 0.003 (0.026) 0.908 0.004 (0.015) 0.782 0.066 (0.018) 0.0003 0.003
BMI-for-age z-score 0.012 (0.027) 0.669 0.009 (0.016) 0.554 0.067 (0.019) 0.0005 0.026
Waist circumference, cm 0.049 (0.120) 0.682 0.073 (0.068) 0.279 0.351 (0.095) 0.0003 0.004
Body fat percentage 0.142 (0.172) 0.412 0.078 (0.094) 0.408 0.491 (0.109) <0.0001 0.045

1The β coefficient represents children’s traits in obesity trait per 1-kg increment of gestational weight gain. C, cytosine; G, guanine; GDM, gestational
diabetes mellitus; MTNR1B, melatonin receptor 1B.

2Adjusting for children’s age, sex, birth weight, maternal age at pregnancy, history of GDM, gestational age at delivery, maternal prepregnancy BMI,
smoking status (no, past, current), marital status, education (secondary school, senior high school, bachelor, master), family monthly income (<5000,
5000–8000, ≥8000 yuan), occupation of mother (farmer/worker, office worker, service professional worker, unemployed person, and other), hypertensive
disorders of pregnancy, number of childbirth, treatment of GDM (none insulin, lifestyle control), feeding patterns (exclusive breast feeding, mixed breast and
formula feeding, and exclusive formula feeding), lactation duration, outdoor physical activity time, sleeping time, vegetable intake frequency, fruit intake
frequency, history of disease in recent 3 mo (no, yes). For weight-for-age z-score and BMI-for-age z-score, which were calculated based on sex- and
age-specific standards, children’s age and sex were excluded in the adjustment. The interactions between the maternal MTNR1B genotype, GDM status, and
gestational weight gain on childhood weight-for-age z-score, BMI-for-age z-score, waist circumference, and body fat percentage were 0.572, 0.912, 0.595,
and 0.817, respectively.

children whose mothers carry the MTNR1B G genotype had a
higher risk of childhood obesity than those with other genotypes.
Our data indicate that maternal genetic variations can modify
the relations between prenatal risk factors and offspring’s risk
of obesity; these findings highlight the importance of gestational
weight management particularly in mothers with high genetic risk
of GDM.
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