International Journal of
Environmental Research

and Public Health

Systematic Review

Association between PM; Exposure and Lung Function in
Children and Adolescents: A Systematic Review and

Meta-Analysis

Zhiqiang Zong !, Mengjie Zhao %, Mengyue Zhang !, Kexin Xu !, Yunquan Zhang 3, Xiujun Zhang **

and Chengyang Hu %5*

check for
updates

Citation: Zong, Z.; Zhao, M.; Zhang,
M.; Xu, K.; Zhang, Y; Zhang, X.; Hu,
C. Association between PM; Exposure
and Lung Function in Children and
Adolescents: A Systematic Review and
Meta-Analysis. Int. ]. Environ. Res.
Public Health 2022, 19, 15888. https://
doi.org/10.3390/ijerph192315888

Academic Editor: Paul B. Tchounwou

Received: 4 November 2022
Accepted: 24 November 2022
Published: 29 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Clinical Medicine, The Second School of Clinical Medicine, Anhui Medical University,

Hefei 230032, China

2 Department of Maternal, Child and Adolescent Health, School of Public Health, Anhui Medical University,
Hefei 230032, China

3 School of Public Health, Wuhan University of Science and Technology, Wuhan 430065, China

Department of Epidemiology and Biostatistics, School of Public Health, Anhui Medical University,

Hefei 230032, China

Department of Humanistic Medicine, School of Humanistic Medicine, Anhui Medical University,

Hefei 230032, China

*  Correspondence: zhangxiujun@ahmu.edu.cn (X.Z.); cy hu@ahmu.edu.cn (C.H.)

Abstract: The detrimental effects of PMj 5 and PMj, (particulate matter less than 2.5 or 10 um)
on human respiratory system, including lung function, have been widely assessed. However, the
associations between PM; (particulate matter of less than 1 um) and lung function in children and
adolescents are less explored, and current evidence is inconsistent. We conducted a meta-analysis
of the literature on the association between PM; and lung function in children and adolescents
to fill this gap. With no date or language constraints, we used a combination of MeSH (Medical
Subject Headings) terms and free text to search PubMed, EMBASE and Web of Science databases
through, 1 October 2022 for “PM; exposure” and “lung function”. A total of 6420 relevant studies
were identified through our initial search, and seven studies were included in our study. In this meta-
analysis, the fixed effect and random effects statistical models were used to estimate the synthesized
effects of the seven included studies. For every 10 pg/m?3 increase in short-term PM; exposure,
forced vital capacity (FVC), forced expiratory volume in the first second (FEV;), peak expiratory
flow (PEF) and maximal mid-expiratory flow (MMEF) decreased by 31.82 mL (95% CI: 20.18, 43.45),
32.28 mL (95% CI: 16.73, 48.91), 36.85 mL/s (95% CI: 15.33, 58.38) and 34.51 mL/s (95% CI: 19.61,
49.41), respectively. For each 10 pg/m3 increase in long-term PM; exposure, FVC, FEVy, PEF and
MMEF decreased by 102.34 mL (95% CI: 49.30, 155.38), 75.17 mL (95% CI: 39.61, 110.73), 119.01 mL/s
(95% CI: 72.14, 165.88) and 44.94 mL/s (95% CI: 4.70, 85.18), respectively. Our study provides
further scientific evidence for the harmful effects of PM; exposure on lung function in children and
adolescents, indicating that exposure to PM; is detrimental to pulmonary health. To reduce the
adverse health effects of air pollution on children and adolescents, effective preventive measures
should be taken.

Keywords: PM;; lung function; air pollution; cohort study; children; adolescents; meta-analysis

1. Introduction

It has been well documented that air pollution poses a great risk to human health.
There were approximately 540 million people diagnosed with respiratory diseases world-
wide in 2017, making it the third leading cause of death according to the Global Burden
of Disease (GBD) 2020 report [1]. Air pollution in urban areas is primarily composed of
particulate matter (PM), which poses a significant risk for respiratory diseases [2]. As com-
pared with adults, children and adolescents are more susceptible to air pollution because
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their respiratory rates per body weight and lung surface area are greater [3,4]. Further,
Ginsberg et al., 2005 demonstrated that the pulmonary region of the lung has a slower clear-
ance rate, thus particles remain longer, resulting in a two to four-fold higher particle dose
in children compared to adults [3]. In addition, due to their immature immune systems
and developing lungs, children and adolescents are particularly susceptible to exposure
to PM [5]. Several epidemiological studies have demonstrated that ambient PM exposure
is associated with adverse health outcomes in children, including obesity, hypertension,
metabolic syndrome, vision impairment, pneumonia, and decreased renal function [6-11].

The lung function of children and adolescents can be used to diagnose pulmonary diseases,
which is an extremely important and measurable indicator of respiratory health [12,13]. The
forced vital capacity (FVC) measures the volume of the lungs, while the forced expiratory
volume in the first second (FEV;) measures the mechanical characteristics of large and
medium airways [14]. When lung injury is in its early stages, alterations in FVC and
FEV; are usually observed. An analysis of peak expiratory flow (PEF) or maximum
mid-expiratory flow (MMEF) may be useful in confirming small airway obstructions
and monitoring diagnosis in cases in which other examinations are abnormal, such as
asthma [15]. There is a general trend for PEF and MMEF to change when the lungs are
affected by diseases.

Many previous studies have consistently reported that both short and long-term exposure
to particle matters with aerodynamic diameter < 2.5 um (PMj,5) or particle matters with
aerodynamic diameter < 10 um (PM;g) were related to a decreased lung function [5,16-22].
Furthermore, particle matters with aerodynamic diameter < 0.1 pm (PMy ), also called
ultrafine particles (UFPs), can result in systemic inflammation, endothelial dysfunction,
and coagulation alterations that expose individuals to the risk for ischemic cardiovascular
disease and hypertension [23]. Particulate matter with an aerodynamic diameter <1 um
(PM;) is a predominant component of PM. Evidence suggests that particles with a smaller
size have a greater adverse health impact [8,9,11]. Despite this, relevant studies on the
association of PM; exposure with lung function parameters are inconsistent, and still lack
sufficient evidence. In this regard, it is critical to evaluate the effects of higher PM; levels
on the respiratory systems of children and adolescents.

In order to identify surrogate markers of pulmonary health associated with PM;
exposure, we performed a systematic review and meta-analysis of studies that exam-
ined the relationship between PM; exposure and metrics of lung function in children
and adolescents.

2. Materials and Methods

This study was reported following the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses) statement (Supplementary Materials, Table S1).

2.1. Study Question

Our study question was: “Among children and adolescents, how does a higher
exposure to PM; affect lung function compared with a lower exposure?”

2.2. Search Strategy

With the following keywords, we searched the PubMed, EMBASE, and Web of Science
databases for eligible studies between the date of inception and 1 October 2022, that are
representative of the exposure and outcome described in the following PECOS statement:
(PM OR PM; OR “particulate matter” OR “air pollution”) AND (“lung function” OR
“pulmonary function” OR “respiratory system”). There is more detail in Supplementary
Materials, Table S2 regarding the literature search terms used.

2.3. Study Selection

The study population (P) of interest consisted of children and adolescents between
the ages of 6 and 18. The exposure of interest was PM; (E), which was measured by an
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air pollution monitoring station or self-built environmental monitoring equipment. The
exposure was expressed as for each unit increase (C). The indicators of lung function (O),
including FVC, FEV,, PEE, and MMEEF (FEF 25-75%), were used as outcomes, and studies
should report the effect estimates (3 coefficients) corresponding to PM; exposure on these
indicators. For inclusion, cross-sectional studies, cohort studies, case-control studies, and
panel studies were considered. Only the most recent article was included in the case of
duplicate publications.

We considered only original studies for inclusion. Exclusion criteria were as follows:
(1) neither effect estimates nor the ability to determine such estimates was provided;
(2) research designs that involved intervention; and (3) sub chronic studies. Figure 1
illustrates the process of selecting studies. Each manuscript was initially screened based
on its title and abstract, which was followed by an independent evaluation of its full text
by two authors (Z.Z. and M.Z. (Mengyue Zhang)). In the event of disagreements, further
discussions were held with the research team.

. Records identified up to
= 1October 2022 (1 = 6420)
‘é PubMed (n = 1175)
%'; EMBASE (n = 3272)
,éi Web of Science (n = 1973)
o
Sh Duplicated records removed
(n=861)
[=1s]
E v
g Records after screened
R (1 =5559)
Records excluded on
title/abstract (n = 5521)
» Not relevant studies (1 = 5353)
Reviews (n =151)
& « Comments/conference (n=17)
E Full-text articles assessed
5o for eligibility
@ (n=238)
31 full-text articles excluded,
R— with reasons:
_,| Not PM; exposure (1 =25)
—_— No available data (n = 2)
. Subchronic studies (n = 4)
E Study included in
= quantitative synthesis
E (meta-analysis)
n=7)

Figure 1. Flow chart of selection of studies included in the meta-analysis.

2.4. Data Extraction and Quality Assessment

We extracted information regarding the first author and publication year, study design,
study location, sample size, meteorological data (temperature and relative humidity), PM;
exposure measurement, mean of PM; concentration, statistical analysis model, exposure
group, lung function indicators, adjusted covariates and main results. In order to conduct
meta-analyses, we used the most fully adjusted effect estimates that represent the largest
control for potential confounding factors. As necessary, authors were contacted directly to
collect unpublished data.

A change in lung function indicators was reported for every 10 ug/m? increase
in PM; concentration in our meta-analysis. The meta-analysis was conducted directly
after incorporating the effect estimate if the study reported the change in lung function
indicators per 10 pg/m3 increase. If the study reported the effect estimates for lung function
indicators per inter quartile range (IQR) increase in PM; exposure, the effect estimates
were transformed as (10/IQR) *$ and then entered into the meta-analyses. For the studies



Int. |. Environ. Res. Public Health 2022, 19, 15888 40f17

presented the percentage change (%) of lung function indicators for each 10 ug/m? increase
in PM; concentration, we calculated the 3 value of lung function indicators by multiplying
the mean lung function of all children or adolescents with the percentage (%). In previous
studies, this method has also been used to convert data.

For the purpose of assessing the quality of studies included in the review, the Newcastle
Ottawa Scale (NOS) was used. An original version of this scale was developed to evaluate
case-control and cohort studies. There is an adapted version that is widely used to evaluate
cross-sectional studies [24]. In light of this review, we did not include case-control stud-
ies and we thus evaluated the three dimensions (selection, comparability and outcome)
through different items for cohort and cross-sectional studies. Based on a NOS score of 0 to
9, studies with a score greater than 7 were considered to be of high quality, those with a
score between 5 and 6 were considered to be of moderate quality, and any study with a
score less than 5 was considered to be of low quality [25].

2.5. Statistical Analysis

Literature reports on four lung function indicators, including FVC, FEV{, PEF and
MMEF (FEF 25-75%), as well as the exposure lengths of PM; including long-term and
short-term were recorded. Long-term exposure to ambient particulate matter is defined as
exposure that lasts for more than three months. As described in a previous study, “medium-
term exposure” refers to exposure to ambient particles for a period of 28 to 91 days [26].
“Short-term exposure” refers to exposure lasting less than 28 days to ambient particulate
matter [26,27]. Unfortunately, we were unable to combine the results for lung function and
medium-term exposure due to the limited data. To perform the meta-analysis, four lung
function indicators and two duration periods of the exposure were used to categorize the
exposures and outcomes into eight groups, named as changes in FVC/FEV,/PEF/MMEF
due to short-term/long-term exposure to PMj.

Our study evaluated the pooled effect estimates for both long-term and short-term
PM; exposures using random effects and fixed effect models. The heterogeneity across
study estimates was assessed using the 1> index, which was classified into low (25%),
moderate (25-75%), and high (75%) categories [28,29]. In cases where heterogeneity among
studies was greater than 50%, random effect models were used, while fixed effect models
were used. To identify publication bias, Egger’s tests and funnel plots were used, and an
Egger’s test p-value less than 0.05 was considered evidence of publication bias. In order
to perform the sensitivity analysis, we deleted one study at a time from the pooled effect
estimates. Generally, robust results can be defined as those that are similar to the primary
results after excluding one study at a time from the meta-analysis. Stata version 15.1 (Stata
Corp, College Station, TX, USA) was used for all analyses.

3. Results
3.1. Characteristics of Included Studies

According to the literature search, 6420 studies were identified, 861 duplicates were
removed, and 5521 studies were excluded after titles and abstracts reviewed. The full-text
evaluation of 31 studies resulted in their exclusion because (1) there were no available
data on the effects of PM; exposure; (2) a lack of adequate lung function indicators or
exposure levels; (3) missing data on children or adolescents. Finally, a total of seven studies
were included in the systematic review and meta-analysis (Figure 1) [30-36]. A total of
three studies investigated the relationship between short-term PM; exposure and lung
function indicators, while four studies examined the relationship between long-term PM;
exposure and lung function indicators. Based on the quality assessment of seven studies,
it was determined that all of them scored higher than 7 points, and were deemed to be of
high quality (Table 1). More detailed quality assessment was presented in Supplementary
Materials, Table S3.
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Table 1. Basic characteristics of the studies included in the meta-analysis.
. . Statistical .
First Author and . Sample Meteorological PM; Exposure Mean of PM; - Exposure Lung Function . . NOS
Publication Year Study Design Country Population Data Measurement Concentration Aﬁilgsfs Group Indicators Adjusted Covariates Score
Age, gender, parental
educati‘on, household
income,
Ten’épf 1‘;aCture: Monitoring by environmental
Liu etal., Cross-sectional : 6740 children Toes G 3 Linear Long-term FVC, FEV;, tobacco smoke
2020 [30] study China aged 7-14 years hlflﬁté:’t‘; a monitoring 468 pg/m regression exposure PEF, MMEF exposure, BMI 8
62.0% category, annua
average temperature
and annual average
relative humidity
Temperature: Monitoring by Generalized
Moshammer et al., : 163 children . G 3 Estimating Short -term FVC, FEV;, Sex, age, height
2006 [31] Panel study Austria aged 7-10 years h%i?ité‘i/t;: a ms(t);ltlitg;mg 15.03 pg/m Equations exposure PEF, MMEF and weight 7
— model
Gender, age, body
Temperature mass index (BMI)
ure: o i , residence,
Wu et al Cross-sectional 35,334 students — Fixed site Distributed lag Short-term r;i)r?ﬁ? ro}; :ﬁ:lsfrn‘f:
2022 [321’ stud China aged Relative instrument 474 pug/m? non-linear exposure FvC intake of int ky’ 7
- Y 9 to 18 years humidity: monitoring models P 1ntaxe o eggs, mtake
_ of milk, physical
activity, and
screen time
Age, gender, smoking
exposure, parental
4518 children ) education,
with normal Temperature: Monitoring b Linear breastfeeding status,
Xing et al., Cross-sectional . weight, 1068 . onitoring by 3 : Long-term FVC, FEV;, income, home coal
2019 [33] study China with hRela_tn_fe . amonitoring 47.5 pug/m regression exposure PEF, MMEF use, house pet, family 8
; umidity: station model ;
overweight, . history of atopy,
1154 with obese temperature during
investigation, and
study district
Age, body mass index,
breast fed status,
Temperature: gender, parental
_ . . — Monitoring by Linear ~ education, income,
Y;;;g()%j]l v Crosztfidctlonal China a62§07c_}112df;s Relative a monitoring 47.5 ug/m3 regression Le(;ngo Stﬁ?en Il’:]\EZFC,l\}IJII\E/[\lfillé passive tobacco 8
y g Y humidity: station model P ! smoke exposure,
- home coal use, house
pet, house renovation,

and family atopy
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. . Statistical .
First Author and . Sample Meteorological PM; Exposure Mean of PM . Exposure Lung Function . . NOS
Publication Year Study Design Country I’opulftion Data & Me;surre,ment Concentratiok Aﬁzlg:is Gproup In%licators Adjusted Covariates Score
Age, sex, height, birth
weight, preterm birth,
parental education,
annual family income,
exercise per week,
passive smoke
R Temperature: exposure, home coal
1989 children s .
Zhang et al., Cross-sectional China with not Rel;tiv e l\;[%l(l)t:irtg%nby 46.8 11g/m3 reIéll-relse:i{m Long-term FVC, FEV,, fe’ presetn ;e ofa 8
2019 [35] study breastfed, aged humidity: station ) -0 pg/m model exposure PEF, MMEF ouse pet, home
7-14 years uaiy: renovation in the past
2 years, area of
residence per person,
asthma diagnosis,
family history of
atopy, and short-term
air pollution
concentrations
Temperature: i Sex, smoking,
Zwozdziak et al. 141 school 18-21°C Fixed site 3 Cézgfrﬁgltliiegd Short-term FVC, FEV, dampness, strget,
2016 [36] , Panel study Poland children aged Relative instrument 22.0 pug/m equations exposure PEE. MMEFE dust. pollen 7
13-14 years humidity: monitoring ’ + poren,
model mold, traffic

31-54%
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Study

Wu etal., 2022

2Zwozdziak et al., 2016

Moshammer et al., 2006

Overall (I-squared = 31.9%, p =0.230) <

— -33.33 (49.37,17.29)

———

For the three short-term exposure studies, one was cross-sectional study and two
were panel studies. Of the three studies, one was conducted in East Asia (China) and the
other two in Europe (Austria and Poland). The potential effects of climate parameters
have only been considered in one study, and lag effects have only been considered in two
studies. There was a wide age range for the study population in the eligible studies, ranging
from 9 to 18 years of age. The mean PM; concentrations in the included studies ranged
from 15.3 to 47.4 pg/m?3. In the long-term exposure studies, four were cross-sectional
studies conducted in China, and only one of them took climate parameters into account.
Among the participants in the long-term exposure studies, the age range was between
7 and 14 years. The average PM; concentrations in the long-term exposure studies ranged
from 46.8 to 47.5 ug/m3.

In this meta-analysis, four lung function indicators—FVC, FEV, PEF, and MMEF—
were included, and lung function data were obtained from the measurement of spirometers.
The data on short-term exposure to PM; were obtained through fixed site instrument mea-
surement, whereas long-term exposure data were obtained primarily from ground monitor-
ing stations. Confounding factors such as sex, age, body mass index (BMI), parental educa-
tion, household income and physical activity were adjusted in each included study. In both
short-term and long-term exposure studies, recent respiratory infections, indoor coal use
for cooking or heating and indoor tobacco smoke exposure have generally been adjusted.

3.2. Primary Meta-Analysis

A total of three studies assessed the association of PM; and indicators of lung function
in the short-term exposure group. Per 10 p1g/m? increase in PM; exposure was associated
with a decrease in indicators of lung function. Meta-analytical effect estimates on three
studies assessed FVC was as follows: —31.82 mL (95% CI: —43.45, —20.18; I? = 31.9%) with
fixed effect model was applied (Figure 2A). Meta-analytical effect estimates on two studies
assessed FEV; was as follows: —32.82 mL (95% CI: —48.91, —16.73; I? = 0.0%) with fixed
effect model was applied (Figure 2B). Meta-analytical effect estimates on 2 studies assessed
PEF was as follows: —36.85 mL/s (95% CI: —58.38, —15.33; 12 = 19.7%) with fixed effect
model was adopted (Figure 2C). Meta-analytical effect estimates on two studies assessed
MMEF was as follows: —34.51 mL/s (95% CI: —49.41, —19.61; I? = 0.0%) with fixed effect
model was used (Figure 2D).

Study

B (95% Cl)
D B (95% C)

Moshammer et al., 2006 —_— -38.00 (-65.11,-10.89)
-43.33 (-66.11, -20.55)

Zwozdziak et al., 2016 —_— -30.00 (-50.00, -10.00)

+ -14.00 (-39.19, 11.19)

- =00% p= E 5 i
3182 (43.45, -2018) Overall (l-squared = 0.0%, p = 0.642) 32.82 (-48.91,-16.73)

-66.1

0 661 51 0 651

(A) (B)

Figure 2. Cont.
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sudy

B (95% CI) D B (e C)

Moshammer et al,, 2006 =t -63.00 (-113.73,-12.27) Pwozazizketal, 2016 ——— 4333 (6722 -19.44)

Zwozdziak et al., 2016

Overall (-squared = 19.7%, p = 0.265) @ 36,85 (-56.38, -15.33) vl hsquated =00

—_—— -31.11(-54.88, -7.34) Moshammer et al., 2006 ——— 28,90 [47.96,-984)

A5 (4941 -1951)

114

0 114

© (D)

Figure 2. Forest plot of the meta-analysis: per 10 ug/m? increase of PM; was associated with
pooled {3 values of lung function indicators in the short-term group: (A) FVC, (B) FEVy, (C) PEF,
(D) MMEF [31,32,36]. The open diamonds represent the combined (3 value for each group. The solid
line represents (3 value = 0.

A total of four studies evaluated the association of PM; and indicators of lung function
in the long-term exposure group. Per 10 pug/m? increase in PM1 was associated with a
decrease in indicators of lung function. Meta-analytical effect estimates on four studies
evaluated FVC was as follows: —102.34 mL (95% CI: —155.38, —49.30; I? = 94.6%) with
random effects model was applied (Figure 3A). Meta-analytical effect estimates on four
studies assessed FEV, was as follows: —75.17 mL (95% CI: —110.73, —39.61; I? = 90.6%)
with random effects model was applied (Figure 3B). Meta-analytical effect estimates on four
studies assessed PEF was as follows: —119.01 mL/s (95% CI: —165.88, —72.14; I? = 67.0%)
with random effects model was adopted (Figure 3C). Meta-analytical effect estimates
on four studies evaluated MMEF was as follows: —44.94 mL /s (95% CI:. —85.18, —4.70;
12 = 88.1%) with random effects model was used (Figure 3D).

3.3. Publication Bias

In both short-term and long-term exposure groups, vertical funnel plots and Egger’s
tests were used to analyze publication bias for PM; and lung function indicators. Visually,
all funnel plots were essentially symmetrical (Figures 4 and 5). In short-term exposure
studies, the p value of Egger’s test was 0.767 for FVC, while Egger’s tests were not available
for FEVy, PEF and MMEF due to the small number of studies included. In long-term
exposure studies, the p values of Egger’s tests were 0.247 for FVC, 0.221 for FEV1, 0.826
for PEF, and 0.107 for MMETF, respectively, which indicated that there was no evidence of
publication bias for these analyses.

3.4. Sensitivity Analysis

We performed the sensitivity analyses by using the leave-one-out method to assess
the stability of the results. In short-term PM; exposure studies, results of the sensitivity
analyses indicated that, with the exception of PEF group, the pooled effect estimates were
not significantly affected by excluding each individual study (Figure 6). In long-term PM;
exposure studies, results of the sensitivity analyses showed all pooled effect estimates were
robust (Figure 7).
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Figure 3. Forest plot of the meta-analysis: per 10 pg/ m? increase of PM; was associated with
pooled B values of lung function indicators in the long-term group: (A) FVC, (B) FEV, (C) PEF,
(D) MMEF [30,33-35]. The open diamonds represent the combined (3 value for each group. The solid
line represents 3 value = 0.
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Figure 5. Funnel plot of the effects of PM; on lung function indicators in the long-term exposure
group: (A) FVC, (B) FEV, (C) PEF, (D) MMEE.
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Figure 6. Sensitivity analyses of included studies in the short-term exposure group: (A) FVC,
(B) FEV;, (C) PEF, (D) MMEF [31,32,36].
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Figure 7. Sensitivity analyses of included studies in the long-term exposure group: (A) FVC, (B) FEVy,
(C) PEF, (D) MMEF [30,33-35].

4. Discussion

To our knowledge, this is the first meta-analysis that examines the relationship between
PM; exposure and lung function in children and adolescents. Observations indicate that
both short-term and long-term exposure to PM; results in decreases in four lung function
indicators (FVC, FEV1, PEF, and MMEF), which are commonly used to measure obstructive
and restrictive lung disease. Exposure over a long period of time has a more pronounced
effect on lung function compared to short-term exposure.

Due to the fact that PM; and PM; 5 are the components of PM; 5 and PM; respectively,
it is possible that PM; has posed great threat to human health in comparison with similar
changes of other components of PM; 5 and PMj [8,37-39]. Several previous epidemio-
logical studies have shown that PM; has larger effect on lung function compared to the
same changes in PMj, 5 and PM; [22,30,31,33-35]. The adverse effects of PM; exposure on
pulmonary health may be explained by several biological mechanisms, but they are not
entirely understood. As finer aerosol atmospheric particles, the diameter of PM; is much
smaller than PM, 5 and PM;o, which enables it to reach deeper part of lungs, and has a
larger surface area-to-volume ratio, as well as a higher level of adsorbent or condensed
toxic compounds per unit mass [40]. Therefore, it is more appropriate to use mass as a
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measure of PM; rather than particle numbers. The smaller the PM fraction, the greater
the potential for detrimental biological interactions with the lungs [35]. Acute exposure
to PM can cause inflammation of the lungs [41-43]. A longitudinal panel study in the
pediatric population revealed the short-term impact of PM; on lung function, which was
attributed to elevated fractional exhaled nitric oxide, an inflammatory biomarker of air-
way [22,44,45]. Additionally, toxicological evidence has demonstrated that PM; particles
are more detrimental to health than PM; 5 particles in terms of cytotoxicity and inflamma-
tion [46]. Apart from causing inflammation in the alveolus and alveolar ducts, inhalation
of PM can cause endothelial dysfunction and enhance the production of oxidative stress,
resulting in pulmonary dysfunction [47].

In the meta-analysis, significant heterogeneity was detected in some of the analyzed
PM; and lung function indicator combinations. It is possible that differences in gender,
BMI (normal weight, overweight, and obese), influenza vaccination, and breastfeeding
may contribute to the observed heterogeneity. As one of the factors potentially influencing
lung function, gender plays an important role [48]. Yang et al. reported that girls had
significantly lower lung function levels than boys following long-term exposure to PM;, and
that they were more susceptible to it [34]. Various factors may influence gender differences
in lung function in response to air pollution, including differences in the development of the
lungs and airways, with males having larger lungs and a larger number and area of alveoli
at birth [48]. Previous research has shown that higher estrogen production in adolescence
increases the risk of lung disease in girls [49]. It has been found that PM; exposure and
obesity have significant interactions with respiratory symptoms and asthma in children [33].
Increased adipose tissue can produce adipokines, and adipocytes can release cytokines
that cause inflammation and oxidative stress, which, in turn, cause the deterioration
of lungs [50-54]. The presence of PM in the blood can also lower insulin sensitivity,
promote the dysfunction of 3-cells, and stimulate the production of adipokines [55-57].
As reported by Liu et al., influenza vaccination may have the potential to moderate the
adverse effects of ambient PM; exposure on lung function of children [30]. Vaccination
against influenza may modify associations in children through mechanisms that are not
well understood. There is a possibility that influenza viruses can amplify the negative
effects air pollutants have on lung function, resulting in more severe respiratory problems.
As a result, influenza vaccination may reduce the risk of co-exposure to influenza and air
pollution, thereby providing protection for children [58,59]. The findings of Zhang et al.
indicate that breastfeeding may reduce the incidence of lung function impairments among
Chinese children exposed to air pollution, including PM; [35]. Compared to bottle feeding
or early solid food consumption, breast milk may promote greater pulmonary immune
growth and maturation due to its high content of immunological components, including
cytokines, chemokines, antibodies derived from the mother, and leukocytes [60-62]. One of
the most significant benefits of breastfeeding may be that it will postpone the onset of lung
infections and diseases, as breast milk contains anti-infective components that can only
boost passive immunity and may not provide protection once breastfeeding has ended [35].

Our study had several limitations that need to be noted. It is important to note that only
a very small number of effect estimates were obtained from the included studies on each
lung function indicator, as the association between PM; and lung function has only recently
attracted interest. However, when two effect estimates were included in a meta-analysis, it
was considered acceptable [63], and there was a large number of systematic reviews and
meta-analyses of high quality have been published in the field of environmental health,
especially the first to investigate a specific exposure-outcome association [64-66]. Second,
the relatively small number of studies included in the analysis precludes us from conducting
further subgroup analyses based on the influence of various factors. We only consider the
four lung function indicators FEV;, FVC, PEF, and MMEE. It is not possible to evaluate
the association between PM; and lung function with other lung function indicators, such
as FEF25%, FEF75%, or FEV1/FVC, due to the lack of relevant data. Furthermore, we
were unable to explore the lag effects of PM; exposure on lung function indicators when
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considering the short-term exposure pattern. A similar assessment of the lag years of long-
term exposure to PM; on lung function was also not possible. Third, in the present study,
we focused only on the value in PM; itself and it was now well aware of the dominant role
of aerosol numbers (ultrafine particle number concentration, condensation nuclei larger
than 10 nm, etc.) over mass for PM;. However, due to the lack of routinely monitored
relevant data, few studies have considered these issues and further studies are encouraged
to explore the associations between health outcomes and other particle metrics rather
than particle mass. Last but not least, this meta-analysis only evaluated studies that were
conducted in China and Europe, and we can note that the exposure levels of mean PM;
concentrations (ranging from 15.3 to 47.4 ug/ m? in short-term, 46.8 to 47.5 ug/ m? in
long-term) were relatively low, which limited the ability to generalize the results to other
countries or regions with severe air pollution.

5. Conclusions

Our findings indicate that both short-term and long-term exposure to PM; is associated
with impaired lung function in children and adolescents, while long-term exposure has a
more profound effect than short-term exposure. Our findings contribute to the scientific
evidence for the harmful effects of short- and long-term PM; exposure on the respiratory
health of children and adolescents. Therefore, appropriate protective measures must be
taken to mitigate the detrimental effects of air pollution on human health, particularly for
the susceptible populations.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijerph192315888/s1, Table S1: Preferred Reporting Items for Systematic
reviews and Meta-Analysis (PRISMA) 2009 Checklist; Table S2: Database search term list; Table S3:
Quality evaluation using Modified Newcastle Ottawa Scale (NOS) for 7 observational studies included
in the meta-analysis.

Author Contributions: Conceptualization, Y.Z. and C.H.; methodology, Z.Z.; software, Z.Z.; valida-
tion, M.Z. (Mengjie Zhao), M.Z. (Mengyue Zhang) and K.X.; formal analysis, Z.Z.; writing—original
draft preparation, Z.Z.; writing—review and editing, C.H.; visualization, Z.Z.; supervision, X.Z. and
C.H.; project administration, X.Z. and C.H.; funding acquisition, X.Z. and C.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Open Fund Project of Hubei Province Key Laboratory of
Occupational Hazard Identification and Control (grant number OHIC2020Y01), National Innovation
and Entrepreneurship Training Program for College Students (grant number 202210366019) and
the Key Projects of Natural Science Research of Anhui Provincial Department of Education (grant
number 2020KJA0163).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

1.  GBD Chronic Respiratory Disease Collaborators. Prevalence and attributable health burden of chronic respiratory diseases,
1990-2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet Respir. Med. 2020, 8, 585-596. [CrossRef]

[PubMed]

2. Wu, Y, Jin, T.; He, W,; Liu, L,; Li, H.; Liu, C.; Zhou, Y.; Hong, J.; Cao, L.; Lu, Y,; et al. Associations of fine particulate matter and
constituents with pediatric emergency room visits for respiratory diseases in Shanghai, China. Int. J. Hyg. Environ. Health 2021,
236, 113805. [CrossRef] [PubMed]

3.  Ginsberg, G.L.; Foos, B.P.; Firestone, M.P. Review and analysis of inhalation dosimetry methods for application to children’s risk
assessment. J. Toxicol. Environ. Health A 2005, 68, 573-615. [CrossRef]

4. Bateson, T.E; Schwartz, ]. Children’s response to air pollutants. J. Toxicol. Environ. Health A 2008, 71, 238-243. [CrossRef]


https://www.mdpi.com/article/10.3390/ijerph192315888/s1
https://www.mdpi.com/article/10.3390/ijerph192315888/s1
http://doi.org/10.1016/S2213-2600(20)30105-3
http://www.ncbi.nlm.nih.gov/pubmed/32526187
http://doi.org/10.1016/j.ijheh.2021.113805
http://www.ncbi.nlm.nih.gov/pubmed/34271373
http://doi.org/10.1080/15287390590921793
http://doi.org/10.1080/15287390701598234

Int. |. Environ. Res. Public Health 2022, 19, 15888 150f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Tasmin, S.; Ng, C.ES.; Stickley, A.; Md, N.; Saroar, G.; Yasumoto, S.; Watanabe, C. Effects of Short-term Exposure to Ambient
Particulate Matter on the Lung Function of School Children in Dhaka, Bangladesh. Epidemiology 2019, 30 (Suppl. S1), S15-523.
[CrossRef]

Ban, J.; Wang, Q.; Ma, R.; Zhang, Y.; Shi, W.; Zhang, Y.; Chen, C.; Sun, Q.; Wang, Y.; Guo, X.; et al. Associations between short-term
exposure to PM2.5 and stroke incidence and mortality in China: A case-crossover study and estimation of the burden. Environ.
Pollut. 2021, 268, 115743. [CrossRef]

Li, Q.; Wang, Y.Y.; Guo, Y.; Zhou, H.; Wang, Q.M.; Shen, H.P; Zhang, Y.P; Yan, D.H.; Li, S.; Chen, G.; et al. Association between
airborne particulate matter and renal function: An analysis of 2.5 million young adults. Environ. Int. 2021, 147, 106348. [CrossRef]
Wang, X.; Xu, Z.; Su, H.,; Ho, H.C.; Song, Y.; Zheng, H.; Hossain, M.Z.; Khan, M.A.; Bogale, D.; Zhang, H.; et al. Ambient
particulate matter (PM1, PM2.5, PM10) and childhood pneumonia: The smaller particle, the greater short-term impact? Sci. Total
Environ. 2021, 772, 145509. [CrossRef]

Wu, Q.Z,; Li, S.; Yang, B.Y.; Bloom, M.; Shi, Z.; Knibbs, L.; Dharmage, S.; Leskinen, A.; Jalaludin, B.; Jalava, P.; et al. Ambient
Airborne Particulates of Diameter < 1 mum, a Leading Contributor to the Association Between Ambient Airborne Particulates of
Diameter < 2.5 mum and Children’s Blood Pressure. Hypertension 2020, 75, 347-355. [CrossRef]

Yang, B.Y,; Guo, Y.; Zou, Z.; Gui, Z.; Bao, WW.; Hu, LW.; Chen, G,; Jing, ].; Ma, ].; Li, S.; et al. Exposure to ambient air pollution
and visual impairment in children: A nationwide cross-sectional study in China. J. Hazard. Mater. 2021, 407, 124750. [CrossRef]
Zhang, Z.; Dong, B.; Chen, G.; Song, Y.; Li, S.; Yang, Z.; Dong, Y.; Wang, Z.; Ma, J.; Guo, Y. Ambient air pollution and obesity in
school-aged children and adolescents: A multicenter study in China. Sci. Total Environ. 2021, 771, 144583. [CrossRef]
Pellegrino, R.; Viegi, G.; Brusasco, V.; Crapo, R.O.; Burgos, F; Casaburi, R.; Coates, A.; van der Grinten, C.P,; Gustafsson, P;
Hankinson, J.; et al. Interpretative strategies for lung function tests. Eur. Respir. ]. 2005, 26, 948-968. [CrossRef]

Bui, D.S.; Burgess, ].A.; Lowe, A.].; Perret, J.L.; Lodge, C.J.; Bui, M.; Morrison, S.; Thompson, B.R.; Thomas, P.S.; Giles, G.G.; et al.
Childhood Lung Function Predicts Adult Chronic Obstructive Pulmonary Disease and Asthma-Chronic Obstructive Pulmonary
Disease Overlap Syndrome. Am. J. Respir. Crit. Care Med. 2017, 196, 39-46. [CrossRef]

Sullivan, PW.; Ghushchyan, V.H.; Marvel, ].; Barrett, Y.C.; Fuhlbrigge, A.L. Association Between Pulmonary Function and Asthma
Symptoms. J. Allergy Clin. Immunol. Pract. 2019, 7, 2319-2325. [CrossRef]

Shrine, N.; Guyatt, A.L.; Erzurumluoglu, A.M.; Jackson, V.E.; Hobbs, B.D.; Melbourne, C.A.; Batini, C.; Fawcett, K.A.; Song, K,;
Sakornsakolpat, P.; et al. New genetic signals for lung function highlight pathways and chronic obstructive pulmonary disease
associations across multiple ancestries. Nat. Genet. 2019, 51, 481-493. [CrossRef]

Zhang, W.; Ma, R.; Wang, Y.; Jiang, N.; Zhang, Y.; Li, T. The relationship between particulate matter and lung function of children:
A systematic review and meta-analysis. Environ. Pollut. 2022, 309, 119735. [CrossRef]

Fuertes, E.; Bracher, J.; Flexeder, C.; Markevych, I.; Klumper, C.; Hoffmann, B.; Kramer, U.; von Berg, A.; Bauer, C.P;
Koletzko, S.; et al. Long-term air pollution exposure and lung function in 15 year-old adolescents living in an urban and rural
area in Germany: The GINIplus and LISAplus cohorts. Int. ]. Hyg. Environ. Health 2015, 218, 656-665. [CrossRef]

Chen, C; Li, C.; Li, Y,; Liu, J.; Meng, C.; Han, J.; Zhang, Y.; Xu, D. Short-term effects of ambient air pollution exposure on
lung function: A longitudinal study among healthy primary school children in China. Sci. Total Environ. 2018, 645, 1014-1020.
[CrossRef]

Gehring, U.; Gruzieva, O.; Agius, RM.; Beelen, R.; Custovic, A.; Cyrys, ].; Eeftens, M.; Flexeder, C.; Fuertes, E.; Heinrich, J.; et al.
Air pollution exposure and lung function in children: The ESCAPE project. Environ. Health Perspect. 2013, 121, 1357-1364.
[CrossRef]

Rice, M.B.; Rifas-Shiman, S.L.; Litonjua, A.A.; Oken, E.; Gillman, M.W.; Kloog, I.; Luttmann-Gibson, H.; Zanobetti, A.; Coull, B.A,;
Schwartz, J.; et al. Lifetime Exposure to Ambient Pollution and Lung Function in Children. Am. J. Respir. Crit. Care Med. 2016,
193, 881-888. [CrossRef]

Wong, S.L.; Coates, A.L.; To, T. Exposure to industrial air pollutant emissions and lung function in children: Canadian Health
Measures Survey, 2007 to 2011. Health Rep. 2016, 27, 3-9.

Wu, Y;; Li, H.; Xu, D.; Li, H.; Chen, Z.; Cheng, Y.; Yin, G.; Niu, Y,; Liu, C.; Kan, H.; et al. Associations of fine particulate matter and
its constituents with airway inflammation, lung function, and buccal mucosa microbiota in children. Sci. Total Environ. 2021,
773,145619. [CrossRef]

Schraufnagel, D.E. The health effects of ultrafine particles. Exp. Mol. Med. 2020, 52, 311-317. [CrossRef]

Almirall, J.; Serra-Prat, M.; Bolibar, I.; Balasso, V. Risk Factors for Community-Acquired Pneumonia in Adults: A Systematic
Review of Observational Studies. Respiration 2017, 94, 299-311. [CrossRef]

Correll, C.U.; Solmi, M.; Croatto, G.; Schneider, L.K.; Rohani-Montez, S.C.; Fairley, L.; Smith, N.; Bitter, I.; Gorwood, P;
Taipale, H.; et al. Mortality in people with schizophrenia: A systematic review and meta-analysis of relative risk and aggravating
or attenuating factors. World Psychiatry 2022, 21, 248-271. [CrossRef]

Lucht, S.A.; Hennig, F; Matthiessen, C.; Ohlwein, S.; Icks, A.; Moebus, S.; Jockel, K.H.; Jakobs, H.; Hoffmann, B. Air Pollution and
Glucose Metabolism: An Analysis in Non-Diabetic Participants of the Heinz Nixdorf Recall Study. Environ. Health Perspect. 2018,
126, 047001. [CrossRef]

Dominici, F; Peng, R.D.; Bell, M.L.; Pham, L.; McDermott, A.; Zeger, S.L.; Samet, ]. M. Fine particulate air pollution and hospital
admission for cardiovascular and respiratory diseases. JAMA 2006, 295, 1127-1134. [CrossRef]


http://doi.org/10.1097/EDE.0000000000001012
http://doi.org/10.1016/j.envpol.2020.115743
http://doi.org/10.1016/j.envint.2020.106348
http://doi.org/10.1016/j.scitotenv.2021.145509
http://doi.org/10.1161/HYPERTENSIONAHA.119.13504
http://doi.org/10.1016/j.jhazmat.2020.124750
http://doi.org/10.1016/j.scitotenv.2020.144583
http://doi.org/10.1183/09031936.05.00035205
http://doi.org/10.1164/rccm.201606-1272OC
http://doi.org/10.1016/j.jaip.2019.04.019
http://doi.org/10.1038/s41588-018-0321-7
http://doi.org/10.1016/j.envpol.2022.119735
http://doi.org/10.1016/j.ijheh.2015.07.003
http://doi.org/10.1016/j.scitotenv.2018.07.154
http://doi.org/10.1289/ehp.1306770
http://doi.org/10.1164/rccm.201506-1058OC
http://doi.org/10.1016/j.scitotenv.2021.145619
http://doi.org/10.1038/s12276-020-0403-3
http://doi.org/10.1159/000479089
http://doi.org/10.1002/wps.20994
http://doi.org/10.1289/EHP2561
http://doi.org/10.1001/jama.295.10.1127

Int. |. Environ. Res. Public Health 2022, 19, 15888 16 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Higgins, J.P.; Thompson, S.G.; Deeks, J.J.; Altman, D.G. Measuring inconsistency in meta-analyses. BM] 2003, 327, 557-560.
[CrossRef]

Nawrot, T.S.; Perez, L.; Kunzli, N.; Munters, E.; Nemery, B. Public health importance of triggers of myocardial infarction:
A comparative risk assessment. Lancet 2011, 377, 732-740. [CrossRef]

Liu, K;; Yang, B.Y.; Guo, Y.; Bloom, M.S.; Dharmage, S.C.; Knibbs, L.D.; Heinrich, J.; Leskinen, A.; Lin, S.; Morawska, L.; et al. The
role of influenza vaccination in mitigating the adverse impact of ambient air pollution on lung function in children: New insights
from the Seven Northeastern Cities Study in China. Environ. Res. 2020, 187, 109624. [CrossRef]

Moshammer, H.; Hutter, H.P.; Hauck, H.; Neuberger, M. Low levels of air pollution induce changes of lung function in a panel of
schoolchildren. Eur. Respir. ]. 2006, 27, 1138-1143. [CrossRef]

Wu, H.; Zhang, Y.; Wei, ].; Bovet, P; Zhao, M.; Liu, W.; Xi, B. Association between short-term exposure to ambient PM1 and PM2.5
and forced vital capacity in Chinese children and adolescents. Environ. Sci. Pollut. Res. Int. 2022, 29, 71665-71675. [CrossRef]
Xing, X.; Hu, L.; Guo, Y,; Bloom, M.S.; Li, S.; Chen, G.; Yim, S.H.L.; Gurram, N.; Yang, M.; Xiao, X.; et al. Interactions between
ambient air pollution and obesity on lung function in children: The Seven Northeastern Chinese Cities (SNEC) Study. Sci. Total
Environ. 2020, 699, 134397. [CrossRef]

Yang, M.; Guo, Y.M.; Bloom, M.S.; Dharmagee, S.C.; Morawska, L.; Heinrich, J.; Jalaludin, B.; Markevychd, I.; Knibbsf, L.D.;
Lin, S.; et al. Is PM1 similar to PM2.5? A new insight into the association of PM1 and PM2.5 with children’s lung function. Environ.
Int. 2020, 145, 106092. [CrossRef]

Zhang, C.; Guo, Y.; Xiao, X.; Bloom, M.S.; Qian, Z.; Rolling, C.A.; Xian, H.; Lin, S.; Li, S.; Chen, G.; et al. Association of
Breastfeeding and Air Pollution Exposure With Lung Function in Chinese Children. JAMA Netw. Open 2019, 2, e194186.
[CrossRef]

Zwozdziak, A.; Sowka, I.; Willak-Janc, E.; Zwozdziak, J.; Kwiecinska, K.; Balinska-Miskiewicz, W. Influence of PM1 and PM2.5 on
lung function parameters in healthy schoolchildren-a panel study. Environ. Sci. Pollut. Res. Int. 2016, 23, 23892-23901. [CrossRef]
Lin, H.; Tao, J.; Du, Y,; Liu, T,; Qian, Z; Tian, L.; Di, Q.; Rutherford, S.; Guo, L.; Zeng, W.; et al. Particle size and chemical
constituents of ambient particulate pollution associated with cardiovascular mortality in Guangzhou, China. Environ. Pollut.
2016, 208, 758-766. [CrossRef]

Chen, G.; Li, S.; Zhang, Y.; Zhang, W.; Li, D.; Wei, X.; He, Y.; Bell, M.L.; Williams, G.; Marks, G.B.; et al. Effects of ambient PM1
air pollution on daily emergency hospital visits in China: An epidemiological study. Lancet Planet. Health 2017, 1, e221-e229.
[CrossRef]

Zhang, Y.; Lang, J.; Cheng, S.; Li, S.; Zhou, Y.; Chen, D.; Zhang, H.; Wang, H. Chemical composition and sources of PM1 and
PM2.5 in Beijing in autumn. Sci. Total Environ. 2018, 630, 72-82. [CrossRef]

Caggiano, R.; Sabia, S.; Speranza, A. Trace elements and human health risks assessment of finer aerosol atmospheric particles
(PM1). Environ. Sci. Pollut. Res. Int. 2019, 26, 36423-36433. [CrossRef]

Clifford, S.; Mazaheri, M.; Salimi, F.; Ezz, WN.; Yeganeh, B.; Low-Choy, S.; Walker, K.; Mengersen, K.; Marks, G.B.; Morawska, L.
Effects of exposure to ambient ultrafine particles on respiratory health and systemic inflammation in children. Environ. Int. 2018,
114, 167-180. [CrossRef]

Paunescu, A.C.; Casas, M.; Ferrero, A.; Panella, P.; Bougas, N.; Beydon, N.; Just, J.; Lezmi, G.; Sunyer, J.; Ballester, F.; et al.
Associations of black carbon with lung function and airway inflammation in schoolchildren. Environ. Int. 2019, 131, 104984.
[CrossRef]

Dauchet, L.; Hulo, S.; Cherot-Kornobis, N.; Matran, R.; Amouyel, P.; Edme, J.L.; Giovannelli, J. Short-term exposure to air
pollution: Associations with lung function and inflammatory markers in non-smoking, healthy adults. Environ. Int. 2018, 121,
610-619. [CrossRef]

Ghio, A ]J.; Carraway, M.S.; Madden, M.C. Composition of air pollution particles and oxidative stress in cells, tissues, and living
systems. J. Toxicol. Environ. Health B Crit. Rev. 2012, 15, 1-21. [CrossRef]

Matthews, N.C.; Pfeffer, PE.; Mann, E.H.; Kelly, E]J.; Corrigan, C.J.; Hawrylowicz, C.M.; Lee, T.H. Urban Particulate Matter-
Activated Human Dendritic Cells Induce the Expansion of Potent Inflammatory Th1, Th2, and Th17 Effector Cells. Am. J. Respir.
Cell Mol. Biol. 2016, 54, 250-262. [CrossRef]

Jalava, P.I.; Happo, M.S.; Huttunen, K.; Sillanpaa, M.; Hillamo, R.; Salonen, R.O.; Hirvonen, M.R. Chemical and microbial
components of urban air PM cause seasonal variation of toxicological activity. Environ. Toxicol. Pharmacol. 2015, 40, 375-387.
[CrossRef]

Losacco, C.; Perillo, A. Particulate matter air pollution and respiratory impact on humans and animals. Environ. Sci. Pollut. Res.
Int. 2018, 25, 33901-33910. [CrossRef]

Carey, M.A,; Card, JW.; Voltz, ].W.; Arbes, S.J., Jr.; Germolec, D.R.; Korach, K.S.; Zeldin, D.C. It’s all about sex: Gender, lung
development and lung disease. Trends Endocrinol. Metab. 2007, 18, 308-313. [CrossRef]

Keselman, A.; Heller, N. Estrogen Signaling Modulates Allergic Inflammation and Contributes to Sex Differences in Asthma.
Front. Immunol. 2015, 6, 568. [CrossRef]

Tourniaire, F.; Romier-Crouzet, B.; Lee, ].H.; Marcotorchino, J.; Gouranton, E.; Salles, J.; Malezet, C.; Astier, J.; Darmon, P,;
Blouin, E.; et al. Chemokine Expression in Inflamed Adipose Tissue Is Mainly Mediated by NF-kappaB. PLoS ONE 2013, 8, e66515.
[CrossRef]


http://doi.org/10.1136/bmj.327.7414.557
http://doi.org/10.1016/S0140-6736(10)62296-9
http://doi.org/10.1016/j.envres.2020.109624
http://doi.org/10.1183/09031936.06.00089605
http://doi.org/10.1007/s11356-022-20842-6
http://doi.org/10.1016/j.scitotenv.2019.134397
http://doi.org/10.1016/j.envint.2020.106092
http://doi.org/10.1001/jamanetworkopen.2019.4186
http://doi.org/10.1007/s11356-016-7605-1
http://doi.org/10.1016/j.envpol.2015.10.056
http://doi.org/10.1016/S2542-5196(17)30100-6
http://doi.org/10.1016/j.scitotenv.2018.02.151
http://doi.org/10.1007/s11356-019-06756-w
http://doi.org/10.1016/j.envint.2018.02.019
http://doi.org/10.1016/j.envint.2019.104984
http://doi.org/10.1016/j.envint.2018.09.036
http://doi.org/10.1080/10937404.2012.632359
http://doi.org/10.1165/rcmb.2015-0084OC
http://doi.org/10.1016/j.etap.2015.06.023
http://doi.org/10.1007/s11356-018-3344-9
http://doi.org/10.1016/j.tem.2007.08.003
http://doi.org/10.3389/fimmu.2015.00568
http://doi.org/10.1371/journal.pone.0066515

Int. |. Environ. Res. Public Health 2022, 19, 15888 17 of 17

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Cinkajzlova, A.; Mraz, M.; Haluzik, M. Lymphocytes and macrophages in adipose tissue in obesity: Markers or makers of
subclinical inflammation? Protoplasma 2017, 254, 1219-1232. [CrossRef]

Engin, A. The Pathogenesis of Obesity-Associated Adipose Tissue Inflammation. Adv. Exp. Med. Biol. 2017, 960, 221-245.
[PubMed]

Kim, B.S.; Rongisch, R.; Hager, S.; Grieb, G.; Nourbakhsh, M.; Rennekampff, H.O.; Bucala, R.; Bernhagen, J.; Pallua, N. Macrophage
Migration Inhibitory Factor in Acute Adipose Tissue Inflammation. PLoS ONE 2015, 10, e0137366. [CrossRef]

Rajala, M.W.; Scherer, P.E. Minireview: The adipocyte—At the crossroads of energy homeostasis, inflammation, and atherosclero-
sis. Endocrinology 2003, 144, 3765-3773. [CrossRef] [PubMed]

Chen, B.Y.; Chen, C.H.; Chuang, Y.C.; Kim, H.; Honda, Y.; Chiang, H.C.; Guo, Y.L. Schoolchildren’s antioxidation genotypes are
susceptible factors for reduced lung function and airway inflammation caused by air pollution. Environ. Res. 2016, 149, 145-150.
[CrossRef] [PubMed]

Alderete, T.L.; Habre, R.; Toledo-Corral, C.M.; Berhane, K.; Chen, Z.; Lurmann, EW.; Weigensberg, M.].; Goran, M.L; Gilliland, ED.
Longitudinal Associations between Ambient Air Pollution with Insulin Sensitivity, beta-Cell Function, and Adiposity in Los
Angeles Latino Children. Diabetes 2017, 66, 1789-1796. [CrossRef] [PubMed]

Haberzettl, P.; O’'Toole, T.E.; Bhatnagar, A.; Conklin, D.J. Exposure to Fine Particulate Air Pollution Causes Vascular Insulin
Resistance by Inducing Pulmonary Oxidative Stress. Environ. Health Perspect. 2016, 124, 1830-1839. [CrossRef] [PubMed]
Desforges, ].P.; Bandoro, C.; Shehata, L.; Sonne, C.; Dietz, R.; Puryear, W.B.; Runstadler, J.A. Environmental contaminant mixtures
modulate in vitro influenza infection. Sci. Total Environ. 2018, 634, 20-28. [CrossRef] [PubMed]

Wong, C.M.; Yang, L.; Thach, T.Q.; Chau, PY,; Chan, K.P; Thomas, G.N.; Lam, T.H.; Wong, T.W.; Hedley, A ].; Peiris, J.S.
Modification by influenza on health effects of air pollution in Hong Kong. Environ. Health Perspect. 2009, 117, 248-253. [CrossRef]
[PubMed]

Ballard, O.; Morrow, A.L. Human milk composition: Nutrients and bioactive factors. Pediatr. Clin. N. Am. 2013, 60, 49-74.
[CrossRef] [PubMed]

Dixon, D.L. The Role of Human Milk Immunomodulators in Protecting Against Viral Bronchiolitis and Development of Chronic
Wheezing Illness. Children 2015, 2, 289-304. [CrossRef] [PubMed]

Hamosh, M. Bioactive factors in human milk. Pediatr. Clin. N. Am. 2001, 48, 69-86. [CrossRef] [PubMed]

Choi, J.; Kim, J.Y; Lee, H.]. Human Evidence of Perfluorooctanoic Acid (PFOA) Exposure on Hepatic Disease: A Systematic
Review and Meta-Analysis. Int. J. Environ. Res. Public Health 2022, 19, 11318. [CrossRef] [PubMed]

Wong, N.S.M.; Yeung, AW.K; Li, K.Y.; McGrath, C.P,; Leung, Y.Y. Non-Pharmacological Interventions for Reducing Fear and
Anxiety in Patients Undergoing Third Molar Extraction under Local Anesthesia: Systematic Review and Meta-Analysis. Int. J.
Environ. Res. Public Health 2022, 19, 11162. [CrossRef]

Vargas-Molina, S.; Gomez-Urquiza, J.L.; Garcia-Romero, ].; Benitez-Porres, ]. Effects of the Ketogenic Diet on Muscle Hypertrophy
in Resistance-Trained Men and Women: A Systematic Review and Meta-Analysis. Int. ]. Environ. Res. Public Health 2022, 19, 12629.
[CrossRef]

Huang, C.; Chen, L.Y,; Liao, Y.H.; Masodsai, K.; Lin, Y.Y. Effects of the Short-Foot Exercise on Foot Alignment and Muscle
Hypertrophy in Flatfoot Individuals: A Meta-Analysis. Int. ]. Environ. Res. Public Health 2022, 19, 11994. [CrossRef]


http://doi.org/10.1007/s00709-017-1082-3
http://www.ncbi.nlm.nih.gov/pubmed/28585201
http://doi.org/10.1371/journal.pone.0137366
http://doi.org/10.1210/en.2003-0580
http://www.ncbi.nlm.nih.gov/pubmed/12933646
http://doi.org/10.1016/j.envres.2016.05.007
http://www.ncbi.nlm.nih.gov/pubmed/27208465
http://doi.org/10.2337/db16-1416
http://www.ncbi.nlm.nih.gov/pubmed/28137791
http://doi.org/10.1289/EHP212
http://www.ncbi.nlm.nih.gov/pubmed/27128347
http://doi.org/10.1016/j.scitotenv.2018.03.321
http://www.ncbi.nlm.nih.gov/pubmed/29626767
http://doi.org/10.1289/ehp.11605
http://www.ncbi.nlm.nih.gov/pubmed/19270795
http://doi.org/10.1016/j.pcl.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23178060
http://doi.org/10.3390/children2030289
http://www.ncbi.nlm.nih.gov/pubmed/27417364
http://doi.org/10.1016/S0031-3955(05)70286-8
http://www.ncbi.nlm.nih.gov/pubmed/11236734
http://doi.org/10.3390/ijerph191811318
http://www.ncbi.nlm.nih.gov/pubmed/36141595
http://doi.org/10.3390/ijerph191811162
http://doi.org/10.3390/ijerph191912629
http://doi.org/10.3390/ijerph191911994

	Introduction 
	Materials and Methods 
	Study Question 
	Search Strategy 
	Study Selection 
	Data Extraction and Quality Assessment 
	Statistical Analysis 

	Results 
	Characteristics of Included Studies 
	Primary Meta-Analysis 
	Publication Bias 
	Sensitivity Analysis 

	Discussion 
	Conclusions 
	References

