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Abstract

Background Ambient air pollutants have been suggested to affect pubertal development. Nevertheless, current
studies indicate inconsistent effects of these pollutants, causing precocious or delayed puberty onset. This

study aimed to explore the associations between long-term exposure to particulate matter with aerodynamic
diameters < 2.5 um (PM, 5) along with its components and menarche timing among Chinese girls.

Method Self-reported age at menarche was collected among 855 girls from China Health and Nutrition Survey 2004
to 2015. The pre-menarche annual average concentrations of PM, s and its components were calculated on the basis
of a long-term (2000-2014) high-resolution PM, s components dataset. Generalized linear models (GLM) and logjistic
regression models were used to analyze the associations of exposure to a single pollutant (PM, s, sulfate, nitrate,
ammonium, black carbon and organic matter) with age at menarche and early menarche (< 12 years), respectively.
Weighted quantile sum methods were applied to examine the impacts of joint exposure on menarche timing.

Results In the adjusted GLM, per 1 pg/m? increase of annual average concentrations of nitrate and ammonium
decreased age at menarche by 0.098 years and 0.127 years, respectively (all P<0.05). Every 1 ug/m? increase of annual
average concentrations of PM, s (OR: 1.04, 95% Cl: 1.00-1.08), sulfate (OR: 1.23, 95% Cl: 1.01-1.50), nitrate (OR: 1.23,
95% Cl: 1.06-1.43) and ammonium (OR: 1.32, 95% Cl: 1.06-1.66) were significantly positively associated with early
menarche. Higher level of joint exposure to PM, s and its components was associated with 11% higher odds of early
menarche (P=0.04). Additionally, the estimated weight of sulfate was the largest among the mixed pollutants.

Conclusions Long-term exposure to PM, 5 and its components could increase the risk of early menarche among
Chinese girls. Moreover, sulfate might be the most critical components responsible for this relationship. Our study
provides foundation for targeted prevention of PM, s components.
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Introduction

Age at menarche earlier than 12 years is normally clas-
sified as early menarche [1], and it has been linked with
later adverse health outcomes in life, including breast
cancer [2], type 2 diabetes [3], cardiovascular diseases
[4] as well as psychological disorders [5, 6]. Besides, girls
who experienced early menarche are prone to have risky
sexual behaviors such as early sexual initiation and sexual
transmission infections [7]. The median age at menarche
had consistently declined from 13.37 years in 1985 to
12.00 years in 2019 among Chinses girls, which indicated
a conspicuous trend of early puberty onset [8].

Evidence has shown that age at menarche can be deter-
mined by genetic and non-genetic factors [9]. In spite
of the greater role of genetic factors, a variety of studies
concentrate on non-genetic factors that are modifiable
like socioeconomic status, nutrition status and environ-
mental conditions [10-13]. It is of major public health
relevance if these factors could be controlled and hence
improving health and life quality in adulthood.

Ambient air pollution, among many environmental fac-
tors, is postulated to be a risk factor for abnormal puber-
tal development. Accumulating studies have suggested
that endocrine-disrupting chemicals (EDCs) in the atmo-
sphere can disturb biosynthesis of hormones and regulate
hormone levels, resulting in alteration of puberty timing
[14, 15]. Although the potential mechanisms are still not
pinpointed, recently, a few studies have unveiled that
air pollutants such as particulate matter (PM), nitrogen
dioxide (NO,), sulfur dioxide (SO,) or ozone (O;) might
be associated with puberty timing [12, 16—19]. However,
these studies were grounded on various assessment of
pubertal development (e.g., Tanner stage, concentra-
tion of sex hormone, self-reported age at menarche) and
yielded heterogeneous results in general. It is notable that
none of the existing studies have explored the associa-
tions of PM with aerodynamic diameters<2.5 pum (PM, ;)
and its components with menarche timing to date.

Therefore, using data from a national representative
cohort, this study aimed to examine the associations of
single and joint exposure to PM,; and its major com-
ponents (sulfate, nitrate, ammonium, black carbon [BC]
and organic matter [OM]) with menarche timing among
female adolescents in China.

Materials and methods

Study population

The present study used data from the recent five waves
(2004, 2006, 2009, 2011 and 2015) of China Health and
Nutrition Survey (CHNS), an open longitudinal cohort
study initiated in 1989. Details on the study protocol have
been described elsewhere [20]. Briefly, by using a multi-
stage, random cluster sampling method, nationally rep-
resentative information on economy, socio-demography,
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public resources, nutrition, and health indicators was
collected in 15 provinces and municipalities from China.
CHNS is a community, household based study and 7,200
households were involved in overall surveys. All house-
hold members provided written informed consent in
the survey and could join or withdraw from the study at
any survey wave. This study was approved by the Insti-
tutional Review Board of the University of North Caro-
lina at Chapel Hill and the National Institute of Nutrition
and Health, Chinese Center for Disease Control and
Prevention.

In total, 1869 female participants aged 8—17 years com-
pleted the questionnaire on menarche and they were
interviewed face-to-face by trained investigators at their
home. We excluded participants who had not reached
menarche (#=843) and those who had missing data on
air pollution (n=55). 116 participants with incomplete
data on anthropometric measurement and other covari-
ates were further precluded. Finally, the current analysis
was based on a sample of 855 (Fig. 1A). The spatial dis-
tributions of population density and surveyed district/
county were shown in Fig. 1B.

Menarche timing

Girls aged 8 years or older and/or their guardians were
required to complete the questionnaire about menstrual
status by answering the questions “Have you already
experienced menstruation?” and “How old were you
when you had your first menstrual period?” If the girls
had not reached menarche during the survey time, the
second question was neglected. For those who reported
discordant menarcheal ages in different survey waves,
only the first provided menarcheal age in the panel data
were adopted for analysis to reduce potential recall bias.
Prior literature generally defined age at menarche below
12 years as early menarche, which was also applicable for
Chinses girls [1, 8], so the cut-off age for early menarche
timing was set to 12 years in this study. Participants who
experienced menarche before 12 years were categorized
into an early menarche group and the rest was assigned
into a normal menarche group (=12 years).

Exposure assessment

The annual average concentration data of PM, ; and its
components (sulfate, nitrate, ammonium, BC and OM)
from 2000 to 2014 were derived from a well-validated
PM, s component prediction model at 10-km resolution
over China from Tracking Air Pollution in China (TAP,
http://tapdata.org.cn/). The TAP PM,; is estimated
based on a two-stage machine learning model coupled
with the synthetic minority oversampling technique and
a tree-based gap-filling method, and the accuracy of the
data was verified on a long-time scale [21, 22]. We ret-
rospectively calculated annual mean concentrations of
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1869 female participants aged 8-17 years with
menarche data between CHNS 2004-2015

Excluded:

n=843 who had not reached menarche
@ n=55 with incomplete air pollutant data
@ n=116 with missing data on anthropometric
measurement and other covariates

!

855 girls were included in this
analysis

Fig. 1 Flow chart and spatial distributions of population density for the study sample. A: Flow chart for the study sample; B: The spatial distributions of

population density and surveyed participants.

PM, ; and its components according to their registered
address for each participant 1-year prior to the year when
they experienced menarche (2-year and 3-year average
concentration were utilized in sensitivity analysis). As the
data were from CHNS, an open longitudinal survey, only
long-term dwellers in regular communities were eligible
for the survey. Therefore, we considered the participant
included in the current analysis had resided at the reg-
istered address over the exposure period. The schematic
representation of exposure periods could be seen in
Additional file 1: Figure S1.

Covariates
The covariate information was obtained by structured
questionnaire, including demographic information such
as age at survey time (years), wave (2004, 2006, 2009,
2011 or 2015), ethnicity (Han or minority), surveyed dis-
trict (Beijing, Liaoning, Heilongjiang, Shanghai, Jiangsu,
Shandong, Henan, Hunan, Hubei, Guangxi, Guizhou
or Chongqing), residency (urban or rural), household
income (yuan), parental education level (<6, 6~12, or
>12 years of schooling) and lifestyle information on
physical activity (no or regular) and second-hand smoke
exposure at home (yes or no). Data on temperature were
obtained from the BERKELEY EARTH website (https://
berkeleyearth.org/) and annual average temperature
(°C) one year before the menarche onset was calculated
according to the residence of the participants.
Anthropometric measurements were conducted by
well-trained health workers according to the standard
procedures [23]. Height was measured by a portable wall-
mounted metal tape to the nearest 0.1 cm without shoes
and weight was measured to the nearest 0.1 kg in light,
indoor clothing using a precise digital scale [24]. All the

measuring instruments were calibrated before use. Body
mass index (BMI) was calculated as weight (kg) divided
by height squared (m?). Age- and sex-specific BMI
z-scores were calculated for each participant based on
the growth curves for Chinese children and adolescents
aged 0~18 years [25].

Statistical analysis

Statistical analyses were performed with SAS procedure
(version 9.3, 2011, SAS Institute Inc., Cary, NC, USA) and
R software (version 4.3.1, R Development Core Team). To
compute the group differences of continuous variables,
the t-test was used, and for categorical variables, the chi-
square test (x°) was applied. Spearman correlation analy-
sis was performed to test the correlation between PM, 5
and its components. A P-value<0.05 was considered sta-
tistically significant.

Single pollutant exposure analysis

Generalized linear regression was used to examine the
associations of 1-year average exposure to PM, ; and its
components (ug/m?) with age at menarche (years), while
multiple logistic regression was conducted to assess the
associations between these air pollutants and early men-
arche onset (early menarche=1, normal menarche=0).
Three models were performed in this study. In model 1
(crude model), no covariates were included. In model 2,
wave (survey year), surveyed district, residency, ethnic-
ity, parental highest education level, physical activity and
second-hand smoke exposure at home were adjusted. As
body size might have potential mediating effect on pol-
lutant-menarche relations, BMI z-score at survey time
(continuous variable) was further adjusted in model 3.
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Table 1 The general characteristics of the study population ?

Total Early men- Normal P
(n=855) arche group menarche value
(n=146) group
(n=709)

Age at survey 1396+166 1214+£149 1433+143 <0.001
time (years)
Wave (survey <0.001
year)

2004 260 (30.4) 23(15.8) 237 (33.4)

2006 131(15.3) 21 (144) 110 (15.5)

2009 137 (16.0) 33(226) 104 (14.7)

2011 203 (23.8) 46 (31.5) 157 (22.1)

2015 124 (14.5) 23(15.7) 101 (14.3)

Ethnicity 0.01

Han 742 (86.8) 136 (93.1) 606 (85.5)

Minority 113(13.2) 10 (6.9) 103 (14.5)

Residency 0.9

Urban 317(37.0) 54 (37.0) 263 (37.1)

Rural 538 (62.9) 92 (63.0) 446 (62.9)

Parental highest 0.7
education level

<6 years of 186 (21.8) 29(19.7) 158(22.3)
schooling

6~12yearsof 582 (68.1) 101 (69.0) 481 (67.8)
schooling

> 12 years of 87 (10.1) 16 (11.3) 70(9.9)
schooling
Physical activity 0.005

No 583 (68.2) 85(58.2) 498 (70.2)

Regularly 272 (31.8) 61 (41 211 (29.8)
Second-hand 0.5
smoke

Yes 596 (69.7) 98 (67.1) 498 (70.3)

No 259 (30.3) 48 (32.9) 211(29.7)

BMI z-score at 007+248  053+138  -002+0.08 <0.001
survey time b

Age at menarche 1263+1.28 1068+061 13.03+0.97 <0.001
(years)

Annual average 1450515 1512+454 1438+5.26 0.1
temperature (°C) ©

Air pollutant

(pg/m¥ ¢

PM, 5 53.08+£1935 5636+£1855 5240+1945 001

Sulfate 10.53+3.54 11194332  1039+357 0.009

Nitrate 9.83+4.51 10.61+£444 9.67+451 0.01

Ammonium 7424289 7.98+2.82 7.30+2.89 0.006

BC 3.19+0.87 3.27+0.79 3.17+0.89 03

OM 13.60+£4.12 1425+394 13471415 0.02
BMI: body mass index; PM,g particulate matter with aerodynamic

diameters<2.5 ym; BC: black carbon; OM: organic matter

2 Data are presented as mean +standard deviation (SD) for continuous variables

and n(%) for categorical variables

b BMI z-scores were calculated according to growth curves for Chinese children

and adolescents aged 0~18 years [25]

€ Annual average temperature one year before menarche onset

4 Annual average concentration of air pollutant one year before menarche onset
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Multi-pollutant exposure analysis

The potential effects of joint exposure to the mixture
(PM, 5 and its components) on age at menarche (years)
and early menarche (<12 years) were estimated using
weighted quantile sum (WQS) regression models. Of
note, WQS regression can evaluate an individual’s overall
exposure burden values [26]. The WQS obtains an index
(weighted quantile sum for PM,; and its components)
by determining the weights to all exposures categorized
into quartiles or more groups and then incorporates that
index into the regression model, which in turn yields
effect estimation for mixture exposure [27]. The results
of WQS regression model included estimated weight
(importance) for every single exposure and effect esti-
mation for the weighted linear index, namely, effects of
the mixtures. The component in the mixture with higher
weight indicated greater impact on outcomes. R package
(gWQS) was used to conduct the WQS analysis. In this
study, WQS regression models were based on quartiles of
PM, ; and its components (sulfate, nitrate, ammonium,
BC and OM), classifying 40% of the data as the training
set and 60% as the validation set, and performed boot-
strap for 100 times. To enhance comparability, the WQS
models adjusted for the identical covariates as in the sin-
gle pollutant analysis.

Sensitivity analysis

To evaluate the robustness of the results, we performed
sensitivity analysis by using the 2-year and 3-year aver-
age exposure to PM,; and its components prior to the
menarche onset as independent variables. The statisti-
cal methods and model adjusting strategies in sensitiv-
ity analyses were in accordance with that mentioned
above. Furthermore, considering that meteorological
factors might be potential confounders of the association
between PM, ; (components) and menarche timing [28],
we additionally included annual average temperature (°C)
as a covariate in the statistic models. The other control-
ling covariates remained the same.

Results

Characteristics of participants

Our study sample included 855 girls aged 10-17 years at
survey time, 146 (17.1%) of whom were categorized into
early menarche (<12 years) groups (Table 1). Girls who
experienced early menarche were more likely to be Han
nationality and appeared to engage in physical activity
more regularly than their counterparts. The mean BMI
z-score of participants in early menarche groups was
0.53%£1.38, which was significantly (P<0.001) higher
than that of the normal menarche group (-0.02%0.08).
Furthermore, the average concentration of PM, ; and its
components were higher in early menarche groups (all
P<0.05) except for BC. Figure 2 showed high positive
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PM5 £ Sulfate
PM 5 1.00
Sulfate 097 1.00
Nitrate 0.96 0.91 1.00
Ammonium |~ 087 0.96 0.98
oM 098 0.96 0.92
BC 0.74 0.83 0.62

Nitrate Ammonium OM
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Fig. 2 Spearman correlations between PM2.5 and its components. PM, ¢ particulate matter with aerodynamic diameters <2.5 um; OM: organic matter;

BC: black carbon. *: P<0.001

Table 2 Associations of 1-year average exposure to PM, - and its components (per 1 ug/m? increase) with age at menarche (year) by

generalized linear regression models (n=855)

Pollutant Model 1° Model 2¢ Model 3¢
B SE P value B SE P value B SE Pvalue

PM, 5 -0.004 0.023 0.1 -0.014 0.008 0.09 -0.013 0.008 0.1
Sulfate -0.028 0.012 0.02 -0.062 0.042 0.1 -0.062 0.041 0.1
Nitrate -0.015 0.010 0.1 -0.107 0.032 <0.001 -0.098 0.031 0.002
Ammonium -0.034 0.015 0.02 -0.137 0.047 0.004 -0.127 0.046 0.005
BC -0.095 0.050 0.06 0.113 0.143 04 0.063 0.140 0.6

oM -0.021 0.011 0.05 -0.008 0.034 0.8 -0.012 0.033 0.7

SE: standard error; PM, s: particulate matter with aerodynamic diameters<2.5 um; BC: black carbon; OM: organic matter

2 Single exposure analysis
P Model 1: crude model, adjusted for no covariates

“Model 2: adjusted for wave, surveyed district, residency, ethnicity, parental highest education level, physical activity, second-hand smoke

9 Model 3: adjusted for wave, surveyed district, residency, ethnicity, parental highest education level, physical activity, second-hand smoke, BMI z-score at survey

time

correlation between PM, ; and its components, with the
Spearman correlation coefficients ranging from 0.62 to
0.98.

Single pollutant exposure

After adjusting for wave, surveyed district, residency,
ethnicity, parental highest education level, physical activ-
ity, second-hand smoke, annual average concentration
of nitrate (f = -0.107) and ammonium ( = -0.137) were
negatively associated with age at menarche (all P<0.01,

Table 2). These negative associations were attenuated,
but still remained significant after further adjustment for
BMI z-score at survey time in model 3 (Table 2).

For menarche onset, higher exposure to PM, ;, sulfate,
nitrate, ammonium and OM was significantly related
to higher odds of early menarche in model 1 (Table 3).
Besides, after controlling for potential covariates, only
the first four pollutants presented consistent results.
In model 3, for every 1 pg/m? increase of annual aver-
age exposure (1-year before menarche onset) to PM,,
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Table 3 Associations of 1-year average exposure to PM2.5 and its components (per 1 ug/m? increase) with early menarche (< 12
years) by logistic regression models (n=855) ?

Pollutant Model 1° Model 2¢ Model 3¢

OR (95% ClI) P value OR (95% Cl) P value OR (95% ClI) Pvalue
PM, 5 1.01 (1.00, 1.02) 0.02 1.05(1.01, 1.09) 0.02 1.04 (1.00,1.08) 0.04
Sulfate 1.07 (1.01, 1. 12) 0.01 1.25(1.03,1.52) 0.03 1.23(1.01,1.50) 0.04
Nitrate 1.05(1.01,1.09) 0.02 1.27 (1.09, 1.48) 0.002 1.23(1.06,143) 0.007
Ammonium 1.08 (1.02, 1.15) 0.01 1.37(1.10,1.73) 0.006 1.32(1.06, 1.66) 0.01
BC 1.15(0.94,1.42) 0.2 1.19(0.64,2.22) 0.6 1.29 (0.68,2.43) 04
oM 1.05 (1.00, 1.09) 0.04 1.11(0.96,1.29) 0.2 1.11(0.96, 1.30) 0.2

OR: odds ratio; Cl: confidence interval; PM, s: particulate matter with aerodynamic diameters<2.5 pm; BC: black carbon; OM: organic matter

2 Single exposure analysis

> Model 1: crude model, adjusted for no covariates

€ Model 2: adjusted for wave, surveyed district, residency, ethnicity, parental highest education level, physical activity, second-hand smoke

9 Model 3: adjusted for wave, surveyed district, residency, ethnicity, parental highest education level, physical activity, second-hand smoke, BMI z-score at survey

time

Table 4 Associations of 1-year multi-pollutant exposure of PM, s and its components with age at menarche (year) and early menarche

(< 12 years) by WQS models

WQS index of the mixture Age at menarche (year)

Early menarche (< 12 years)

B SE P value OR (95% Cl) P value
Model 12 -0.13 0.05 0.02 1.02 (1.00, 1.06) 0.06
Model 2° -0.19 0.16 03 1.11(1.02,1.21) 0.03
Model 3¢ -0.25 0.17 0.1 1.11(1.01,1.20) 0.04

WQS: weighted quantile sum; SE: standard error; OR: odds ratio; Cl: confidence interval

2 Model 1: crude model, adjusted for no covariates

b Model 2: adjusted for wave, surveyed district, residency, ethnicity, parental highest education level, physical activity, second-hand smoke

€ Model 3: adjusted for wave, surveyed district, residency, ethnicity, parental highest education level, physical activity, second-hand smoke, BMI z-score at survey

time

sulfate, nitrate and ammonium, the risk of early men-
arche increased by 4%, 23%, 23%, and 32%, respectively
(all P<0.05).

Multi-pollutant exposure

Joint exposure to PM, ; and its components was inversely
associated with age at menarche (years) in model 1 (B=-
0.13, P=0.02), while this association became not sig-
nificant after further adjustment for potential covariates
(Table 4). The estimated weights of PM, ; and its compo-
nents for age at menarche were shown in Fig. 3A-C. For
menarche onset, joint exposure to PM,; and its com-
ponents was positively associated with early menarche
after adjusting for potential covariates (OR: 1.11, 95% CI:
1.01-1.20, P=0.04 in model 3). Figure 3D-F outlined the
estimated weights of the three models. In model 3, the
estimated weight of sulfate (0.495) was the largest, fol-
lowed by ammonium (0.307), nitrate (0.081) and PM, -
(0.057) (Fig. 3E).

Sensitivity analysis

For 2-year exposure before menarche onset: after con-
trolling for potential confounders, higher annual average
concentrations of PM, , sulfate, nitrate and ammonium
were consistently linked with decreased age at menarche

(all P<0.001, Additional file 1: Table S1) and elevated risk
of early menarche (all P<0.05, Additional file 1: Table
S2); higher level of joint exposure to PM, ; and its com-
ponents was associated with higher odds of early men-
arche (OR: 1.11, 95%CI: 1.01-1.21, Additional file 1:
Table S3). For 3-year exposure before menarche onset:
in model 3, average exposure to nitrate and ammonium
was negatively related to age at menarche (all P<0.001,
Additional file 1: Table S1) and positively associated with
early menarche (all P<0.05, Additional file 1: Table S2);
joint exposure to mixed pollutants was not significantly
associated with early menarche (Additional file 1: Table
S3). Additionally adjusting for annual average tempera-
ture did not change the associations of PM, (compo-
nents) with menarcheal age (Additional file 1: Table S4)
and early menarche (Additional file 1: Table S5).

Discussion

To the best of our knowledge, this is the first population-
based epidemiological study investigating the associa-
tions of PM, ; components with menarche timing. Using
data from a nationally representative cohort, we found
that higher pre-menarche exposure to ambient PM, 5
and its components (sulfate, nitrate and ammonium) was
associated with increased risk of early menarche (<12
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A: Model 1 B: Model 2
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C: Model 3
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Fig. 3 Weight estimations of PM, 5 and its components by weighted quantile sum (WQS) method. A-C: Associations of multi-pollutant exposure of PM, 5
and its components with age at menarche (year). D-F: Associations of multi-pollutant exposure of PM, s and its components with early menarche (<12
years). Model 1: crude model, adjusted for no covariates. Model 2: adjusted for wave, surveyed district, residency, ethnicity, parental highest education
level, physical activity, second-hand smoke. Model 3: adjusted for wave, surveyed district, residency, ethnicity, parental highest education level, physical
activity, second-hand smoke, BMI z-score at survey time. PM, s: particulate matter with aerodynamic diameters <2.5 pm; OM: organic matter; BC: black

carbon

years) among Chinses girls. Furthermore, sulfate might
play the most vital role in the relationship between PM, -
and menarche onset.

There is a paucity of published literature examining the
relationship between outdoor air pollution and pubertal
development. The results from two longitudinal studies
were not in line with each other. One study conducted
in 437 American girls suggested that higher residential
proximity to traffic was associated with earlier pubarche,
but not thelarche, as indicated by Tanner stage [29].
While another one revealed contradictory results show-
ing that PM with aerodynamic diameters<10 um (PM,)
exposure in prenatal and infantile periods might delay
pubertal onset among girls in Hong Kong, China [16].
Besides, three cross-sectional studies were conducted
as well. Jung et al. demonstrated that higher exposure to
PM,, might decrease the age at menarche, resulting in
advanced pubertal development among 639 girls aged
13-17 years from South Korea [12]. Similarly, a research
carried out among 1257 women aged 19-25 years liv-
ing in Poland found that higher level of PM,,, PM, ; and
nitric oxide (NO) was related to younger age at menarche
[17]. Nonetheless, results from two German birth cohorts
indicated no significant associations between ambient
air pollutants (PM, s, PM,,, NO, and Os) and pubertal
development determined by estradiol and testosterone
levels among children aged 10 years [19]. The inconsis-
tent results of these studies might be due to divergences
in study design, population characteristics, assessment

of pubertal development, varieties of air pollutants and
potential confounders, such as socioeconomic status and
exposure metrics.

All of the above studies focused on outdoor air pollut-
ant and puberty-related outcomes. Regarding the expo-
sure to PM,; on puberty, Wronka [17] and Zhao [19]
concluded inconsistent results. In this study, we identi-
fied PM, ; as the underlying risk factors for early men-
arche, which was broadly congruent with Wronka’s study.
Notably, the association between PM,; and puberty
onset might vary from exposure level. The average con-
centration of PM, ; was 53.08 pg/m? in our study, much
higher than that in Zhao’s study (14.76 pg/m?®), which
showed no significant association [19]. Furthermore,
time windows are relevant to health effects as well [30].
We concentrated on the long-term effect of PM, ; expo-
sure (1 year to several years of exposure), while some
studies observed a short-term or medium term of expo-
sure (range from a few days to several months) [18]. In
this regard, female adolescents should be aware of the air
quality in their living districts and strengthen personal
protection to mitigate the detrimental exposure.

While no literature has investigated long-term expo-
sure to ambient PM,, components on menarche tim-
ing, a handful of studies have investigated the effects of
their precursors, including nitrogen oxide (NO,) and sul-
fur oxide, albeit with discrepant results [16, 17, 19]. Our
study revealed that higher exposure to sulfate, nitrate,
and ammonium was associated with early menarche
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timing in single-pollutant analysis, which was also sug-
gested to make larger contribution in the joint exposure
analysis by WQS regression models. Remarkably, sulfate
was the most important contributors in the association
between PM, ; and early menarche, however, it was not
significantly associated with age at menarche (years) in
the generalized linear model. The possible explanation
might be that the association between sulfate and age
at menarche is not strictly linear and this association
was much more obvious when the outcome variable was
dichotomous.

The biological mechanisms linking ambient air pollu-
tion with pubertal development are still unclear. Previ-
ous studies have implied that PM may induce oxidative
stress, leading to inflammations in respiratory and car-
diovascular system [31]. Moreover, they might contain
some EDCs that could interact with estrogen receptors
and initiate the secretion of gonadotropin releasing hor-
mone, thereby accelerating maturation of hypothalamus
and causing earlier puberty [32-34]. It was also shown
that PM could play a vital role in hormonal function of
the female reproductive system by mimicking normal
hormones [35, 36].

However, the relative studies concerning mechanisms
of specific PM, ; components on pubertal development
are scarce. Majority of sulfate and nitrate in PM, ; origi-
nate from the atmospheric oxidation of SO, and NO,
emissions, while ammonium is formed by sulfuric or
nitric acid reacting with ammonia in the atmosphere
[37]. Previous researches inferred that SO, could have
suppressive effects on androgens, and it might play cru-
cial roles in inducing systematic inflammation and coag-
ulation [16, 38]. Nitrate in PM,; might cause oxidative
damage and reduce gonadal steroidogenesis, which could
affect secretion of sex hormones in turn [39, 40]. Studies
on health effects of ammonium indicated that short-term
exposure to ammonium was positively associated with
inflammatory biomarkers [38]. Nevertheless, the poten-
tial mechanisms of its relationship with puberty are not
fully understood. Further animal experiments and epide-
miological studies are imperative to ascertain the exact
mechanism.

In further analysis, we found that both single and joint
exposure to ambient PM, ; and its components (1-year
and 2-year before menarche onset) increased the risk
of early menarche, however, 3-year annual average
joint exposure imposed no significant impact on early
menarche. This was aligned with study conducted by
Jung [12] elucidating that the magnitude of association
between PM,, and menarche timing was weaker when
the exposure period prolonged to 3 years. The poten-
tial reason might be that the internal and external fac-
tors were constantly changing in a long period, and it
was difficult to control the relevant covariates 3 years
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before menarche onset, leading to inconsistent results.
The results of 1-year and 2-year exposure might be worth
more concentration in this study.

Several limitations for the current study should be
acknowledged. Firstly, the cross-sectional design limited
the ability to establish casual inferences, and prospec-
tive cohort studies are required for validation. However,
we selected 1-year average concentrations of pollutants
before menarche onset year as exposure, which roughly
ensured the sequence of exposure and outcome. Sec-
ondly, the precise timing of exposure could not be veri-
fied because the exact date of menarche was not obtained
in data from CHNS. And the self-reported age at men-
arche might cause recall bias. Notwithstanding, the par-
ticipants were restricted to girls aged 10-17 years with
relatively shorter time interval between menarche onset
and survey time (mean*SD: 1.58+1.26 years, 54.3% of
participants were within 1 year), and 2-year/3-year aver-
age exposure before menarche onset was also consid-
ered in the sensitivity analysis. Furthermore, as mother’s
menarche timing was not obtained from CHNS dataset,
parental genetic factors were not adjusted in the statistic
model. We will consider more comprehensive confound-
ers in future study. Finally, measures of air pollutant
exposure were calculated according to the residential
district without considering the individual exposure pat-
terns (e.g., outdoor activity time, range of motion and
usage of protective mask). Further information is neces-
sary to explore these associations at individual level.

Despite the limitations, our study has several strengths.
We utilized a nationwide sample from CHNS, the diver-
sity of which in geography, economics and infrastructures
could generalize our results to all the female adolescents
around China. As individuals are exposed to both PM, ¢
and its components, we conducted WQS method to
examine the association of multi-pollutant exposure with
menarche timing as well, making the results more com-
prehensive. Additionally, many relevant confounders,
including physical activity, second-hand smoke exposure
at home and BMI z-score, were considered for adjust-
ment simultaneously. Overall, on the basis of robust
models we constructed, this study might pave the way
for future researches into the associations between PM, ¢
components and menarche onset among girls.

Conclusion

The current study suggested that long-term pre-men-
arche exposure to ambient PM, ; and its components was
associated with younger age at menarche and increased
risk of early menarche (<12 years) among Chinese girls.
Furthermore, sulfate and ammonium imposed much
stronger impacts on menarche onset in the multi-pol-
lutant exposure. As early puberty onset is a crucial risk
factor for large quantities of adverse health outcomes
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in adulthood, this study gained new sights into the
promotion of adolescent health from an environmen-
tal standpoint. It is of vital importance to control the
source of sulfate and ammonium to curb the burden of
PM, ;-related puberty abnormalities. Longitudinal pro-
spective study with a large sample size and mechanism
researches are warranted in the future.
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