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Abstract
Background: Studies on early puberty and incident asthma have reported inconsist‐
ent results and are mainly performed in females. In this longitudinal study, we in‐
vestigated the causal relationship between pubertal maturation and asthma through 
Mendelian randomization (MR) and explored the joint effect of overweightness and 
early pubertal maturation on asthma.
Methods: We used data from the Taiwan Children Health Study with longitudinal 
follow‐ups of 2991 children aged 11‐17 years. Six puberty‐related single‐nucleotide 
polymorphisms (combined into a weighted allelic score) were used to yield genetic 
instrumental variables for early puberty. Early pubertal maturation was defined as 
reaching a certain pubertal stage earlier than the median age for that stage. Incident 
asthma cases were calculated by excluding children with a history of asthma prior to 
that age.
Results: The results of MR analysis revealed that early pubertal maturation was as‐
sociated with active asthma (OR = 1.18; 95% CI: 1.08‐1.28); this effect was significant 
in male children. Early pubertal maturation significantly increased the risk of incident 
asthma outcomes at 12 and 17 years of age in both sexes (hazard ratio = 2.15; 95% 
CI: 1.21‐3.84). Taking non‐overweight and non–early puberty children as the refer‐
ence group, we observed a synergistic effect of overweightness and early pubertal 
maturation on asthma risk (OR = 1.08; 95% CI: 1.04‐1.11) in children of both sexes.
Conclusions: Early screening and intervention for obesity are recommended to pre‐
vent future early pubertal onset and asthma occurrence.
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1  | INTRODUC TION

A secular trend of early pubertal maturation in children of both 
sexes has been observed in developing and developed countries.1,2 
Studies on early menarche and incident asthma have reported incon‐
sistent results,3,4 and a meta‐analysis of seven longitudinal studies 
reported a 37% higher risk of incident asthma in female children.5 
However, studies on early puberty and asthma risk in male children 
are lacking. Given the considerable sex shift in asthma prevalence 
after puberty, longitudinal studies are necessary to investigate the 
effect of age at puberty on asthma risk in male children.

Conventional observational studies have been limited by un‐
measured confoundings. Using Mendelian randomization (MR) 
analysis, Minelli et al6 provided evidence for a causal effect of early 
puberty on adult asthma (with the mean age at asthma onset of 
40  years), rather than childhood asthma. However, because they 
used data from a UK Biobank (data collected at adulthood) with 
an invalid assessment of pubertal stages, their study was limited 
by strong recall bias. Moreover, childhood‐ and adult‐onset asthma 
can result from different etiologies and the effect of early puberty 
on either childhood‐ and adult‐onset asthma should be different. 
Prospective follow‐up studies on adolescents from their transition 
to puberty up to young adulthood are necessary to appropriately 
assess whether early puberty is a causal risk factor for subsequent 
incident asthma.

The current state of knowledge indicates that early onset of 
puberty and obesity independently affect asthma risk;7,8 however, 
no study has investigated the synergistic or mediating effect of 

adiposity on the relationship between early puberty and asthma in 
both sexes. Several observational studies have reported a stronger 
association between obesity and asthma severity or wheezing symp‐
toms in women with early menarche.9,10 However, the role of obesity 
must be further investigated.

To determine the causal relationship between early pubertal mat‐
uration and asthma, we aimed to (a) investigate the causal direction 
between early pubertal maturation and asthma by performing MR 
analysis, (b) use longitudinal data to investigate the possible role of 
early pubertal maturation in incident asthma, and (c) explore the joint 
effect of overweightness and early pubertal maturation on asthma. In 
addition, we investigated the differential sex effect in these analyses.

2  | METHODS

2.1 | Cohort establishment and data collection

The Taiwan Children Health Study (TCHS) is a longitudinal, popula‐
tion‐based cohort study focusing on atopic diseases, pubertal de‐
velopment, and adiposity growth in children. Detailed information 
on the TCHS was reported in a previous study.11 In the TCHS, 10‐
year‐old children have been enrolled since 2010 in an open‐cohort 
design, and data on pubertal development have been collected since 
they were 11 years of age. We followed up children aged 11, 12, and 
17 years. Both the parents or guardians of each participating children 
and the children themselves provided written informed consent; be‐
sides, they completed written questionnaires at school. A question‐
naire completed by parents was used to categorize children's asthma 

G R A P H I C A L  A B S T R A C T
Through Mendelian randomization analysis, we discovered that early pubertal maturation led to asthma in 2991 children from Taiwan 
Children Health Study. Early pubertal maturation significantly increased the risk of incident asthma outcomes at 12 and 17 years of age in 
both sexes. Childhood overweight and early pubertal maturation exerted synergistic effect on asthma risk. 
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outcomes at age 11‐12. We obtained the answer to the same ques‐
tion from children aged 17 years in the survey, rather than using a 
parent‐reported questionnaire. The study protocol was approved by 
the Institutional Review Board of National Taiwan University Hospital 
and complied with the principles of the Declaration of Helsinki.12

2.2 | Definition of early pubertal 
maturation and asthma

A pubertal staging assessment was conducted using question‐
naires completed by children aged 11‐12 years. We used the vali‐
dated Tanner derived composite stage (TDCS) to define pubertal 
stages.13 The TDCS contains schematic drawings of secondary 
sex characteristics of puberty (pubic hair and breast develop‐
ment for girls and pubic hair and genital development for boys). 
The median age for pubertal stages was referenced from two 
Chinese large‐scale population‐based studies.2,14 Children were 
defined as having early pubertal maturation if they reached a 
certain pubertal stage earlier than the median age for that 
stage.15 Children were defined as having early pubertal matura‐
tion if either their pubic hair or breast/genital development oc‐
curred at an earlier than the median age for that stage.

The question “Has a doctor ever diagnosed your child as having 
asthma?” was used to define the lifetime occurrence of physician‐
diagnosed asthma. Similarly, the question “Has your child ever ex‐
perienced difficulty breathing or have you observed any wheezing 
or whistling from his/her chest in the past 12 months?” was used to 
define current wheeze. If the answer to both these questions was 
“Yes,” then we classified the child as having active asthma.11 Incident 
asthma cases among children aged 12 and 17 years were calculated 
by excluding those with a history of asthma prior to the age of 12 and 
17 years, respectively.16

2.3 | Overweight definitions

Body mass index (BMI) was calculated as weight divided by height 
squared (kg/m2) and converted into age‐ and sex‐specific percen‐
tiles according to growth charts for Taiwanese children and adoles‐
cents.17 We then defined overweight (including obese) children as 
those having a BMI of ≥85 percentile.

2.4 | Single‐nucleotide polymorphism 
selection and genotyping

We chose MR genetic instrumental variables (IVs) for early pubertal 
maturation in accordance with the findings of large meta‐analyses of 
genome‐wide association studies (GWASs) conducted by Elks et al18 
(32 studies, n = 87 802), Perry et al19 (57 studies, n = 182 416), and He 
et al20 (2 studies, n = 17 438). To prevent a potential pleiotropic effect, 
candidate single‐nucleotide polymorphisms (SNPs) that were found 
to be associated with obesity or asthma were excluded. Moreover, 
the following criteria were used to identify candidate SNPs: (a) call 
rate exceeding 98% for all children, (b) minor allele frequency of 

≥10%, (c) no linkage disequilibrium with other selected SNPs, and (d) 
ability to fit our primer design test by using the National Genotyping 
Center of Academia Sinica platform.21 Finally, six candidate SNPs 
representing early pubertal maturation were selected. Tables S1 and 
S2 present detailed references for candidate gene selection. The de‐
tails of genotyping procedures were reported in our previous study.22

2.5 | Statistical analysis

Only children with complete data for pubertal stages and asthma 
outcomes were included. For those with missing data for variables, 
such as BMI, a multiple imputation method23 was used, referenc‐
ing previous cohort records. We employed a fully conditional spe‐
cific regression method for multiple imputations, assuming that data 
were missing at random.

Under the IV assumption, a genotype should be (a) associated 
with a phenotype (early pubertal maturation), (b) independent of 
unmeasured confounding factors, and (c) independent of an out‐
come (asthma). Therefore, we examined the association of early 
pubertal genes with early pubertal maturation and asthma out‐
comes (Table S1), as well as with confounders (Table S2). We used 
the standard MR method, namely the two‐stage least squares 
(2SLS) method, in which early pubertal maturation was regressed 
on puberty genetic scores and asthma outcomes were regressed 
on genetically predicted values for early pubertal maturation from 
the first regression.24 To examine possible pleiotropic effects and 
provide a robust estimation of causality between early pubertal 
maturation and asthma, we also performed a sensitivity analysis for 
MR.25 Individual MR estimates obtained using the 2SLS method for 
each early puberty gene and active asthma were pooled using the in‐
verse variance–weighted method. Moreover, Egger's regression was 
used to detect small study and pleiotropic biases.26 We also used a 
median‐based method to estimate the causal effect of each genetic 
variant and then calculated the median estimate under the assump‐
tion that genetic variants representing over 50% of the weight in the 
analysis were valid instruments.27

In addition to MR analysis, we performed a longitudinal follow‐
up survey at the age of 17 years to verify the temporal relation‐
ship between early pubertal maturation and new‐onset asthma at 
the age of 12 and 17 years by using a discrete‐time hazard model 
(DTHM). The DTHM is a survival analysis model that enables the 
estimation of hazard ratios (HRs) and 95% confidence intervals 
(CIs) for an event occurring in a discrete‐time framework.28 The 
model was adjusted for age, sex, parental education, and family 
income.

A multivariate logistic regression analysis was performed to ex‐
amine the possible joint or mediation effect of overweightness on 
the relationship between early pubertal maturation and asthma by 
using non‐overweight/non–early pubertal participants as the refer‐
ence group. A mediation analysis was performed to further explore 
causal pathways from obesity to asthma. On the basis of the two‐
sided estimation, statistical significance was set at 5%. All model 
regression and sensitivity analyses were performed using R 3.3.2.
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Characteristics

Children at 11 y Children at 12 y Children at 17 y

(n = 2869) (n = 2991) (n = 1386)

Age (years) 11.1 ± 0.3 12.1 ± 0.3 17.3 ± 0.5

Male sex 1433 (49.9) 1516 (50.7) 704 (50.7)

BMI (kg/m2) 19.3 ± 3.8 20.4 ± 4.0 21.1 ± 3.5

Overweight 871 (32.0) 965 (34.5) 279 (21.4)

Male 487 (35.7) 536 (38.2) 160 (24.1)

Female 384 (28.3) 429 (30.7) 119 (18.5)

Parental education

High school or below 1374 (47.9) 1547 (51.7) 609 (47.1)

College or university 1230 (42.9) 1195 (40.0) 544 (42.1)

Postgraduate school 265 (9.2) 249 (8.3) 140 (10.8)

Family income

<600 000 1274 (44.4) 1435 (48.0) 567 (43.9)

600 001‐1 000 000 1082 (37.7) 1049 (35.1) 496 (38.4)

>1 000 001 513 (17.9) 507 (17.0) 230 (17.8)

Tanner stage

Male

Tanner stage 1 416 (29.0) 183 (12.1) ‐

Tanner stage 2 792 (55.3) 845 (55.7) ‐

Tanner stage 3 200 (14.0) 362 (23.9) ‐

Tanner stage 4 23 (1.6) 120 (7.9) ‐

Tanner stage 5 2 (0.1) 6 (0.4) ‐

Female

Tanner stage 1 173 (12.0) 47 (3.2) ‐

Tanner stage 2 984 (68.5) 695 (47.1) ‐

Tanner stage 3 247 (17.2) 608 (41.2) ‐

Tanner stage 4 30 (2.1) 115 (7.8) ‐

Tanner stage 5 2 (0.1) 10 (0.7) ‐

Early pubertal maturation 307 (10.7) 464 (15.5) ‐

Male 166 (11.6) 365 (24.1) ‐

Female 141 (9.8) 99 (6.7) ‐

Physician‐diagnosed asthma 271 (9.4) 276 (9.2) 155 (11.1)

Male 166 (11.6) 168 (11.1) 92 (13.1)

Female 105 (7.3) 108 (7.3) 63 (9.2)

Male:Female ratio 1.59 1.52 1.42

Current wheeze 151 (5.4) 181 (4.4) 10 (0.7)

Male 92 (6.6) 70 (5.3) 3 (0.4)

Female 59 (4.2) 48 (3.6) 7 (1.0)

Male:Female ratio 1.57 1.47 0.4

Active asthma 94 (3.3) 31 (1.0) 3 (0.1)

Male 62 (4.3) 14 (0.9) 2 (0.3)

Female 32 (2.2) 17 (1.2) 1 (0.1)

Male:Female ratio 1.95 0.75 3.0

Note: All data are presented as means ± standard deviation or numbers (%).
The number of participants did not add up to the total number because of missing data.

TA B L E  1  Characteristics of 
participants in the Taiwan Children Health 
Study



     |  5CHEN et al.

3  | RESULTS

In this study, the TCHS population comprised 2869 children aged 
11  years, 2991 children aged 12  years, and 1386 children aged 
17 years (Table 1). The average cohort follow‐up rate from the age 
of 11 to 17 years was 64.6%. The proportion of male adolescents 
was 49.9% at the age of 11 years. One‐third of the children were 
categorized as overweight. Overweight was more common among 
boys. The prevalence rates of early pubertal maturation were 10.7% 
and 15.5% among the children aged 11 and 12 years, respectively. 
A higher percentage of early pubertal maturation was observed in 
the male adolescents than in the female adolescents at the age of 
11‐12 years. At the age of 11 years, the prevalence of physician‐di‐
agnosed asthma was 9.4%, 5.4% of children exhibited the current 
wheezing symptom during the previous 12 months, and 3.3% had 
active asthma.

3.1 | Gender shift in asthma 
prevalence and incidence

As listed in Table 1, current wheeze and active asthma prevalence fall 
to 0.7% and 0.1% at the age of 17 years. The incidence of three asthma 
outcomes dropped from 4.3% at age 12 to 1.7% at age 17 (physician‐
diagnosed asthma); from 2.3% at age 12 to 0.5% at age 17 (current 
wheeze); and from 0.5% at age 12 to 0.2% at age 17 (active asthma) 
(Table  S6). The male‐to‐female ratio of physician‐diagnosed asthma 
prevalence was 1.59 at age 11 and 1.52 at age 12, and declined to 1.42 
at age 17. Also in the prevalence of current wheeze, we even observed 
a marked gender shift29 of male‐to‐female ratio from 1.57 at age 11 
and 1.47 at age 12 to 0.4 at age 17.

3.2 | Early pubertal maturation increased 
asthma risk

Two of the six SNPs were significantly associated with early pubertal 
maturation (Table  S1); however, adequate evidence was not found 
to establish an association between individual puberty SNPs and ac‐
tive asthma or confounders (Tables S1 and S2). Six SNPs for early pu‐
bertal maturation (rs6589964, rs2243803, rs7642134, rs1079866, 
rs12148769, and rs4452860) served as strong instruments, with F 
statistics of 105.5.30 The weighted genetic scores of the six puberty 
SNPs were robustly correlated with early pubertal maturation (Table 2, 
P = 2 × 10−16). According to the results of the 2SLS analysis, early pu‐
bertal maturation was associated with the risk of physician‐diagnosed 
asthma (OR = 1.49; 95% CI: 1.24‐1.78), current wheeze (OR = 1.27; 95% 
CI: 1.11‐1.46), and active asthma (OR = 1.18; 95% CI: 1.08‐1.28). We 
determined that early pubertal maturation was significantly associ‐
ated with active asthma in the male adolescents (OR = 1.38; 95% CI: 
1.01‐1.90). MR sensitivity analysis provided results similar to those of 
the 2SLS analysis (Table S3), indicating that no pleiotropy was detected. 
Only modest between‐instrument heterogeneity was observed (I2: 
21.6%, P = .27).

3.3 | Early pubertal maturation predicted long‐term 
incident asthma risk

Figure  1 presents the results of the survival analysis for the ef‐
fect of early pubertal maturation on incident asthma outcomes at 
the age of 12 and 17 years. Early pubertal maturation was deter‐
mined to significantly increase the risk of incident physician‐diag‐
nosed asthma (HR = 1.57; 95% CI: 1.08‐2.28) and incident current 

TA B L E  2  Summary of coefficients of early pubertal maturation and asthma risk in MR analysis

Instrumental vari‐
ables (IV)

Genetic score with intermediate trait Genetic score with outcomes Two‐stage IV analysis

Coefficient (95% CI) P value Coefficient (95% CI) P value OR (95% CI) P value

Physician‐diagnosed asthma

Puberty genes (6 
SNPs)

20.82 (16.85, 24.79) 2.0 × 10−16 8.25 (4.8, 11.70) 2.8 × 10−6 1.49 (1.24, 1.78) 1.5 × 10−5

Male 11.60 (4.60, 18.60) 1.2 × 10−3 3.44 (−2.34, 9.22) .24 1.34 (0.8, 2.27) .27

Female 12.27 (4.46, 20.08) 2.1 × 10−3 7.06 (−0.38, 14.51) .06 1.78 (0.89, 3.56) .10

Current wheeze

Puberty genes (6 
SNPs)

20.82 (16.85, 24.79) 2.0 × 10−16 4.95 (2.36, 7.54) 1.8 × 10−4 1.27 (1.11, 1.46) 4.0 × 10−4

Male 11.60 (4.60, 18.60) 1.2 × 10−3 4.42 (−0.04, 8.88) .05 1.47 (0.94, 2.3) .09

Female 12.27 (4.46, 20.08) 2.1 × 10−3 −1.21 (−6.62, 4.20) .66 0.91 (0.58, 1.41) .67

Active asthma

Puberty genes (6 
SNPs)

20.82 (16.85, 24.79) 2.0 × 10−16 3.36 (1.66, 5.05) 1.0 × 10−4 1.18 (1.08, 1.28) 2.6 × 10−4

Male 11.60 (4.60, 18.60) 1.2 × 10−3 3.75 (0.82, 6.67) .01 1.38 (1.01, 1.90) .04

Female 12.27 (4.46, 20.08) 2.1 × 10−3 1.27 (−2.23, 4.77) .48 1.11 (0.83, 1.48) .49
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wheeze (HR = 2.15; 95% CI: 1.21‐3.84). After further stratification 
by sex, the female adolescents who had early pubertal maturation 
appeared to have an increased risk of incident physician‐diagnosed 
asthma (HR = 2.05; 95% CI: 1.10‐3.81), and the male adolescents 
with early pubertal maturation had an increased risk of incident 
current wheeze (HR = 2.63; 95% CI: 1.27‐5.43).

3.4 | Overweight and early pubertal maturation 
synergistically increased asthma risk

Table 3 demonstrated logistic regression analysis for asthma out‐
comes in children aged 11‐12  years. Taking non‐overweight and 
non–early pubertal maturation children as a reference group, the 
ORs of physician‐diagnosed asthma and current wheeze gradually 
increased from the overweight/non–early puberty and non‐over‐
weight/early puberty groups to the overweight/early puberty 
group (OR: 1.01, 1.02, and 1.08, respectively, for physician‐diag‐
nosed asthma; OR: 1.02, 1.02, and 1.04, respectively, for current 
wheeze; P value for trend  =  .001). Compared with the children 
who were not overweight and did not have early pubertal matura‐
tion, the risk of physician‐diagnosed asthma significantly increased 
1.08‐fold in the children who were both overweight and had early 
pubertal maturation (95% CI: 1.04‐1.11). This synergistic effect of 
overweightness and early pubertal maturation on asthma risk was 
observed in both sexes (Table S4). Early pubertal maturation also 
appeared to act as a mediator between overweightness and asthma 
outcomes (Table S5).

4  | DISCUSSION

Through Mendelian randomization analysis, we discovered that 
early pubertal maturation has a causal effect on childhood asthma in 
2991 TCHS children aged 11‐12 years. The effect was significantly 
observed in the male adolescents. Furthermore, we examined real 
temporal relationships between early puberty and incident asthma 
at the age of 12 and 17 years in our cohort. After excluding children 
with a history of asthma, early pubertal maturation was found to 
significantly increase the risk of incident asthma outcomes at the 
age of 12 and 17 years in both sexes. The additional synergistic ef‐
fect of overweightness and early pubertal maturation on asthma risk 
appeared in both sexes. These findings contribute to scientific evi‐
dence indicating that early pubertal maturation increases asthma risk 
in male adolescents. With the dramatically increasing prevalence of 
childhood obesity and early puberty, we also reflect the role of both 
overweightness and early puberty in asthma among adolescents.

4.1 | Gender shift of asthma 
prevalence and incidence

Our observations, current wheeze prevalence and incident asthma 
drop, were similar to previous studies. Using British cohort of 7225 
subjects, Anderson et al31 reported that the prevalence of wheezing 
in past 12 months was 4.6% at age 11, but declined to 3.3 at age 
16. In TRAILS (TRacking Adolescents’ Individual Lives Survey) study, 
Vink et al32 discovered that the prevalence of asthma falls from 7% 

F I G U R E  1  Hazard ratios of asthma at 12 and 17 y for early pubertal maturation at 11‐12 y. A, Physician‐diagnosed asthma; B, current 
wheeze; C, active asthma. Discrete‐time hazard models were adjusted for age, sex, parental education, and family income

TA B L E  3  Multivariate logistic regression analysis for asthma outcomes in children aged 11‐12 y stratified by overweightness and early 
pubertal maturation status

Overweight/early pubertal 
maturation

Physician‐diagnosed asthma Current wheeze Active asthma

Adjusted OR (95% 
CI) P value

Adjusted OR (95% 
CI) P value

Adjusted OR (95% 
CI) P value

Overweight (−)/early puber‐
tal maturation (−)

Reference   Reference   Reference  

Overweight (+)/early puber‐
tal maturation (−)

1.01 (0.99, 1.02) .41 1.02 (1.00, 1.03) .03 1.01 (1.00, 1.01) .23

Overweight (−)/early puber‐
tal maturation (+)

1.02 (0.99, 1.05) .32 1.02 (1.00, 1.04) .10 1.02 (1.01, 1.03) .03

Overweight (+)/early puber‐
tal maturation (+)

1.08 (1.04, 1.11) 4.0 × 10−4 1.04 (1.02, 1.07) .01 1.01 (1.00, 1.03) .21

P for trend   .001   .001   .02

Note: Models were adjusted for age, sex, parental education, and family income.
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at the age of 11.1 years to 5% at the age of 16.3 years. Nicolai et al29 
also proved that at age 20, only 24.5% of the initial asthma group 
still had symptoms. Similar phenomenon of the decline in incidence 
was observed by Anderson et al,31 in which asthma incidence was 
1.1% at age 11 and became 0.76% at age 17. Moreover, the gender 
shift of asthma prevalence phenomenon was also reported in other 
studies.31,32 Anderson et  al reported that the male:female asthma 
incidence ratio rose from 1.23 at 0‐7 years to 1.48 at 12‐16 years 
but reversed to 0.59 at 17‐23 years. In TRAILS study, Vink et al also 
reported that the prevalence of asthma was similar in boys (7.7%) 
and girls (7.4%) at the age of 11 years. However, the prevalence of 
asthma was significantly higher in female (6.2%) than male (4.3%) at 
16 years of age. The gender shift occurred between 12 and 17 years 
could be due to increased incidence of asthma in female.

4.2 | Possible mechanisms in the causal 
relationships between early puberty and asthma in 
both sexes

Several mechanisms might explain why early puberty leads to asthma 
development in females. First, hormonal changes at puberty might 
be related to immunity alterations.33 Higher levels of estrogen and 
progesterone in girls with early menarche can act as inflammatory 
agents, triggering airway inflammation and obstruction.34 Estrogen 
increases histamine release through immunoglobulin E‐mediated 
mechanisms;35 thus, pregnancy‐induced aggravation of asthma se‐
verity was observed in a clinical study.36 Second, poor pulmonary 
function, measured as forced expiratory volume in 1  second and 
forced vital capacity, was observed in girls with early menarche.37 
Moreover, the association between early menarche and poor pulmo‐
nary function was confirmed even after adjustment for overweight‐
ness and asthma. Third, the elevated insulin status and resistance 
that trigger puberty are independent risk factors for incident asthma. 
Kozyrskyj et al38 found that persistently high insulin levels were the 
strongest determinants of nonatopic asthma in adolescent girls but 
not in boys. In summary, accumulating evidence supports the rela‐
tionship between early puberty and asthma in girls. Common early 
fetal programming, such as low birth weight, has also been associ‐
ated with both early menarche and asthma.

Evidence supporting the relationship between early puberty and 
asthma in male children is lacking. Studies have reported nonsig‐
nificant findings for the relationship between pubertal stages and 
asthma in male children.32 However, Minelli et al6 reported a 7% in‐
creased risk of adult asthma in male children, which is similar to our 
findings. Several mechanisms may be proposed to explain our find‐
ings. First, the effect of early pubertal maturation on asthma in male 
adolescents can result from overweightness as a comorbid factor. In 
our previous meta‐analysis, we reported that obese boys had a 2‐
fold risk of incident asthma than did nonobese boys.8 In a large‐scale 
population study, obesity was identified as a risk factor for early 
pubertal maturation in people of Chinese ethnicity.2 Therefore, the 
causal relationship between early puberty and asthma can be pre‐
cipitated by obesity. Second, an acute increase in the leptin level can 

be a mechanism underlying both early puberty and asthma in male 
children. Prepubertal boys usually experience an approximately 3‐
year increase in the leptin level preceding the rise of levels of tes‐
tosterone, growth hormone, and insulin‐like growth factor.39 This 
increase in the leptin level might be involved in the pathogenesis of 
asthma, particularly in boys.40

4.3 | Synergistic effect of obesity and early puberty 
on childhood asthma

To our knowledge, no other studies have directly examined the addi‐
tive effect of obesity and early puberty on childhood asthma. In one 
study, obesity and early puberty were regarded as independent pre‐
dictors of asthma.7 When these two predictors coexisted, asthma risk 
was amplified, possibly due to a common biological pathway leading 
to asthma, such as leptin, insulin resistance, or pulmonary function. 
Our findings are supported by those of Varraso et al9 who discov‐
ered that BMI and early menarche acted synergistically to influence 
asthma severity in adult women. In addition, the role of obesity could 
either precede the early onset of puberty (childhood obesity → early 
puberty → childhood asthma) or be a consequence of early pubertal 
maturation (early puberty → adult obesity → adult asthma). We uti‐
lized our cohort to examine the first of these possibilities (Table S5). 
The average causal mediation effect from childhood obesity to child‐
hood asthma, mediated through early puberty, was significant (causal 
mediation path coefficient = 9.6 × 10−4; 95% CI: 2.6 × 10−4, 2.2 × 10−3, 
P  ≤  .01 for physician‐diagnosed asthma and 7.4  ×  10−4; 95% CI: 
7.7 × 10−5, 1.5 × 10−3, P =  .02 for current wheeze). These findings 
indicate that early puberty is not simply involved in a joint effect with 
obesity but that it can be a crucial mediating pathway from obesity 
to asthma. Therefore, efforts to prevent early pubertal maturation 
can focus on blocking the causal pathway from obesity to asthma.22

4.4 | Limitations

This study has several limitations. Limitations particular to MR 
analysis include population stratification, pleiotropy, and linkage dis‐
equilibrium. However, major population stratification was unlikely 
because the analysis was performed on unrelated individuals from 
the TCHS. Multiple genetic risk scores used in this study excluded 
candidate SNPs associated with both obesity and asthma. Therefore, 
the presence of shared pleiotropy or the effect of linkage disequilib‐
rium‐induced confounding was unlikely. An MR sensitivity analysis 
was also performed to prevent selection bias for genetic variants 
with pleiotropic effects on outcomes. We obtained consistent re‐
sults supporting the hypothesis that early pubertal maturation leads 
to asthma. To further verify the temporal causal relationship be‐
tween early puberty and incident asthma, we conducted a follow‐
up survey until the age of 17 years. This study was limited by being 
unable to use a GWAS to identify SNPs relevant to early pubertal 
maturation. Our candidate puberty genes were selected on the basis 
of puberty genes identified in other large‐scale GWASs, which could 
still be satisfactory genetic IVs for MR analysis.
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In summary, we confirmed that early pubertal maturation is a 
causal factor for childhood asthma in both sexes. Obesity was iden‐
tified as a possible joint factor in aggravating childhood asthma, 
with early puberty acting as a mediator between obesity and 
childhood asthma. Bearing the considerable health burden repre‐
sented by obesity, early puberty‐related diseases, and childhood 
asthma, these findings have major clinical implications for disease 
prevention.
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Table E1. Associations of puberty genetic variants with early pubertal maturation and active asthma at 11-12 years

Association with early pubertal maturation† Association with active asthma
References

Rs number
Nearby
Gene CHR MAF* OR per allele (95%CI) P value OR per allele (95%CI) P value

rs6589964 BSX 11 0.43 1.00 (0.99, 1.02) 0.63 1.00 (1.00, 1.01) 0.81 Elks et al

rs2243803 SLC14A2 18 0.19 0.98 (0.96, 1.00) 0.03 0.99 (0.99, 1.00) 0.08 Perry et al

rs7642134 VGLL3 3 0.42 1.00 (0.98, 1.01) 0.68 1.00 (0.99, 1.01) 0.88 Elks et al

rs1079866 INHBA 7 0.21 1.00 (0.98, 1.02) 0.97 1.00 (0.99, 1.00) 0.56 Elks et al

rs12148769 MKRN3 15 0.35 1.00 (0.98, 1.01) 0.69 1.00 (0.99, 1.00) 0.52 Perry et al

rs4452860 VGLL3 9 0.48 1.01 (1.00, 1.03) 0.03 1.00 (1.00, 1.01) 0.11 He et al

*MAF: minor allele frequency

†Allele: Early pubertal maturation increasing allele / Early pubertal maturation decreasing allele
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Table E2. P-values for the association of individual pubertal maturation SNP with confounding factors

Rs number Nearby
Gene

Gender Parental Education Family Income

Coefficient (95% CI) P value Coefficient (95% CI) P value Coefficient (95% CI) P value
rs6589964 BSX 0.01 (-0.01, 0.03) 0.25 0.01 (-0.01, 0.03) 0.62 -0.01 (-0.03, 0.01) 0.39
rs2243803 SLC14A2 -0.4×10-2 (-0.02, 0.02) 0.74 0.01 (-0.03, 0.05) 0.46 -0.3×10-2 (-0.04, 0.04) 0.87
rs7642134 VGLL3 -0.01 (-0.03, 0.01) 0.56 -0.2×10-2 (-0.02, 0.02) 0.88 -0.01 (-0.05, 0.03) 0.51
rs1079866 INHBA -0.01 (-0.03, 0.01) 0.25 0.05 (0.01, 0.09) 0.001 0.04 (0.001, 0.08) 0.03
rs12148769 MKRN3 0.01 (-0.01, 0.03) 0.30 0.01 (-0.01, 0.03) 0.55 0.01 (-0.03, 0.05) 0.51
rs4452860 VGLL3 0.3×10-2 (-0.02, 0.02) 0.73 -0.03 (-0.05, -0.01) 0.02 -0.02 (-0.04, -0.4×10-3) 0.25

These p-values have not been corrected for multiple testing. Under Bonferroni-correction the cut-off for significance is alpha = 0.05/6 =0.008
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Table E3. Estimates of causal effect of early pubertal maturation on active asthma at 11-12 years by different Mendelian Randomization sensitivity

analysis

Male Female

Analysis Method Coefficient* Standard Error
OR (95%CI)

for active asthma
p

value Coefficient* Standard Error
OR (95%CI)

for active asthma
p

value
Inverse-variance weighted

Fixed-effect 0.32 0.13 1.38 (1.08, 1.77) 0.01 0.11 0.15 1.11 (0.83, 1.48) 0.47

Random-effects 0.32 0.09 1.38 (1.17, 1.64) 1.9×10-4 0.11 0.13 1.11 (0.86, 1.43) 0.41

Egger regression, intercept

Fixed-effect 0.00 0.00 1.00 (1.00, 1.01) 0.43 0.00 0.00 1.00 (1.00, 1.01) 0.35

Random-effects 0.00 0.00 1.00 (1.00, 1.01) 0.43 0.00 0.00 1.00 (1.00, 1.01) 0.35

Egger regression, slope

Fixed-effect 0.45 0.19 1.56 (1.08, 2.25) 0.02 -0.12 0.26 0.88 (0.53, 1.48) 0.64

Random-effects 0.45 0.19 1.56 (1.08, 2.25) 0.02 -0.12 0.26 0.88 (0.53, 1.48) 0.64

Simple median 0.07 0.30 1.07 (0.59, 1.93) 0.82 0.42 0.29 1.52 (0.86, 2.71) 0.15

Weighted median 0.36 0.55 1.43 (0.49, 4.19) 0.52 0.00 0.45 1.00 (0.42, 2.40) 0.99

*Log OR for active asthma under early pubertal maturation.
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Table E4. Multivariate analysis between stratified overweight status, early pubertal maturation status and asthma outcomes in children at 11-12 years,

by genders

Models were adjusted for age, sex, parental education, family income

Overweight/ Early pubertal maturation Physician-diagnosed Asthma Current Wheeze Active Asthma

Adjusted OR

(95% CI) p-value

Adjusted OR

(95% CI) p-value

Adjusted OR

(95% CI) p-value

Males

Overweight (-)/ Early pubertal maturation (-) Reference Reference Reference

Overweight (+)/ Early pubertal maturation (-) 1.00 (0.97, 1.02) 0.72 1.02 (1.00, 1.04) 0.06 1.00 (0.99, 1.02) 0.70

Overweight (-)/ Early pubertal maturation (+) 0.99 (0.96, 1.03) 0.77 1.01 (0.98, 1.04) 0.37 1.02 (1.00, 1.04) 0.07

Overweight (+)/ Early pubertal maturation (+) 1.07 (1.03, 1.13) 0.01 1.06 (1.02, 1.09) 0.02 1.02 (0.99, 1.04) 0.19

P for trend 0.07 0.01 0.05

Females

Overweight (-)/ Early pubertal maturation (-) Reference Reference Reference

Overweight (+)/ Early pubertal maturation (-) 1.01 (0.99, 1.03) 0.35 1.01 (0.99, 1.02) 0.44 1.01 (1.00, 1.02) 0.31

Overweight (-)/ Early pubertal maturation (+) 1.03 (0.98, 1.08) 0.32 1.03 (0.99, 1.06) 0.27 1.02 (0.99, 1.04) 0.29

Overweight (+)/ Early pubertal maturation (+) 1.05 (1.00, 1.10) 0.08 1.02 (0.98, 1.06) 0.43 1.00 (0.98, 1.03) 0.90

P for trend 0.04 0.17 0.28
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Table E5. Associations between adiposity measures, early pubertal maturation and asthma outcomes in children at 11-12 years (Mediation Analysis)

Asthma outcomes/Adiposity

measures (z-score)

Average Causal Mediation

Effect (OPA) Average Direct Effect (OA)

Total Effect (Direct +

Mediation Effect)

Coefficient (95% CI) p-value Coefficient (95% CI) p-value Coefficient (95% CI) p-value

Physician-diagnosed Asthma 9.6×10-4 (2.6×10-4, 2.2×10-3) <0.01 2.7×10-3 (-4.4×10-3, 0.01) 0.49 3.7×10-3 (-3.3×10-2 , 0.01) 0.30

Male 7.3×10-4 (-2.5×10-4, 1.5×10-3) 0.21 1.9×10-3 (-9.3×10-3, 0.01) 0.74 2.6×10-3 (-8.8×10-3 , 0.01) 0.70

Female 1.5×10-3 (-2.5×10-4, 3.2×10-3) 0.11 4.5×10-3 (-4.8×10-3, 0.01) 0.35 0.25 (-1.89, 1.90) 0.31

Current Wheeze 7.4×10-4 (7.7×10-5, 1.5×10-3) 0.02 3.9×10-3 (-1.9×10-3, 0.01) 0.20 4.6×10-3 (-1.2×10-2 , 0.01) 0.14

Male 3.7×10-4 (-1.7×10-4, 1.2×10-3) 0.32 9.1×10-3 (-6.6×10-5, 0.02) 0.05 9.5×10-3 (4.5×10-5, 0.02) 0.04

Female 5.1×10-4 (-2.8×10-4, 2.4×10-3) 0.18 -9.7×10-4 (-7.9×10-3, 6.0×10-3) 0.77 -4.6×10-4 (-6.8×10-3, 6.7×10-3 ) 0.96

Active Asthma 7.2×10-4 (-1.4×10-4, 1.7×10-3) 0.09 4.4×10-4 (-3.0×10-3, 4.5×10-3) 0.82 1.2×10-3 (-2.2×10-3, 5.2×10-3 ) 0.54

Male 7.8×10-4 (-4.6×10-4, 2.0×10-3) 0.25 1.4×10-3 (-3.9×10-3, 7.8×10-3) 0.63 2.2×10-3 (-3.4×10-3, 8.4×10-3 ) 0.48

Female 5.0×10-4 (-6.3×10-4, 2.2×10-3) 0.42 -2.2×10-4 (-4.2×10-3, 4.7×10-3) 0.94 2.8×10-4 (-3.4×10-3, 5.1×10-3 ) 0.81
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Table E6. Incident asthma outcomes at age 12, 17 by sex.

Characteristics
Children at 12 y Children at 17 y

(n = 2991) (n=1386)

Physician-diagnosed asthma 114 (4.3) 20 (1.7)

Male 62 (4.7) 10 (1.7)

Female 52 (3.9) 10 (1.8)

Current wheeze 54 (2.3) 6 (0.5)

Male 27 (2.3) 2 (0.3)

Female 27 (2.2) 4 (0.7)

Active asthma 14 (0.5) 2 (0.2)

Male 5 (0.4) 1 (0.2)

Female 9 (0.7) 1 (0.2)
Incident asthma cases among children aged 12 and 17 years were calculated by excluding those with a

history of asthma prior to the age of 12 and 17 years, respectively.
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Figure E1. Causal diagram of adiposity, early pubertal maturation, and childhood asthma
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